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ABSTRACT
A b r i e f  c r i t i c a l  account i s  given o f  N e rn s t 's  theo ry  o f  heterogeneous 
re a c tio n s  and o f  th e  m o d ifica tio n s  to  i t  th a t  have been proposed by v a rio u s  
in v e s t ig a to r s .  T his i s  follow ed by a  summary o f  the woik done by a  number 
o f  workers w ith  u ltra so u n d  in  the  study  o f  heterogeneous chem ical and 
e lec tro ch e m ic a l r e a c tio n s  between s o l id s  and l iq u id s .
In  S ec tio n  I I ,  an account i s  given o f  the  experim ental techn iques 
used in  the p re se n t work and o f  the methods o f  ex p ress in g  the  r e s u l t s .
The experim ental work c a r r ie d  o u t by the  p re se n t au th o r on th e  r e a c tio n  
between magnesium and h y d ro ch lo ric  a c id , and between magnesium and a 
number o f  o th e r  a c id s , i s  d escrib ed  and d e ta i le d  r e s u l t s  re p o r te d .
S ectio n  I I I  i s  devoted to d isc u ss io n s  o f  methods o f  e f f e c t in g  a 
change o f  co n tro l in  heterogeneous r e a c tio n s ,  to  c o n s id e ra tio n s  o f  problem s 
invo lved  in  determ in ing  chem ical r a te  co n s tan ts  fo r  p a r t ly  d if fu s io n  
c o n tro lle d  heterogeneous re a c tio n s ,  and to  the m athem atical trea tm en t o f  
r a te  eq u a tio n s  fo r  re a c tio n s  where the  apparen t a re a  o f a d is s o lv in g  
magnesium c y lin d e r  changes a p p rec iab ly  du ring  the course o f  re a c t io n .
In  S ection  IV, the experim ental r e s u l t s  a re  d iscu ssed  in  d e t a i l ,  
and i t  i s  shown th a t  the d a ta  fo r  th e  a c id s  in v e s tig a te d  in  th i s  work do 
no t f i t  a  B rdnsted-Pedersen  r e la t io n s h ip .  P o ss ib le  reasons fo r  t h i s  a re  
examined in  d e t a i l .  F in a l ly ,  some in te r e s t in g  th e o r ie s  o f  heterogeneous 
re a c tio n s  between s o l id s  and l iq u id  reag e n ts  a re  b r ie f ly  d isc u sse d .
4.
TABLE OF CONTENTS
A b strac t 
S ec tio n  I  














In tro d u c tio n  
P ra c t ic a l  S ec tion
P re lim in a ry  Work w ith  H ydrochloric Acid
Methods o f  E xpressing  R esu lts
O rder o f  R eaction  between Magnesium and 
H ydrochloric  Acid
C o rre la tio n  o f  Methods o f  A nalysis
Temperature C o e ff ic ie n t o f  R eaction  in  
H ydrochloric Acid
V a ria tio n  o f  U nit Rate C onstant w ith  
Diam eter o f  C ylinder
E f fe c t  o f  U ltra so n ic  I r r a d ia t io n
E ffe c t o f  Speed o f  R o ta tio n  o f  C y lin d ric a l 
Specimen
Form o f  Rate E quation
Combined E f fe c t  o f  R o ta tio n a l Speed and 
U ltra so n ic  I r r a d ia t io n
E ffe c t  o f  V a ria tio n  o f  C y lin d ric a l D iam eter 
During Experim ent
Some C o llec ted  R e su lts
E xtension  o f  Work to  O ther Acids 




















S ectio n  I I I
I I I ( a )  
I l l ( b )
I I I ( c )
I lK d )
G eneral C onsid era tio n s  123
Change o f  C ontrol in  H eterogeneous R eactions 123
Attem pted C a lc u la tio n s  o f  Chemical Rate 131
C onstants
G eneral E quation  fo r  C onvective-D iffusive  l46
T ransport
Rate E quations fo r  Heterogeneous P rocesses 137
S ec tio n  IV
IV(a)
IV(b)
D iscussion  o f  R e su lts  






Appendix D eta iled  S o lu tio n  o f  R o l l e r 's  E quation 203
SECTION I
In tro d u c tio n
The view th a t  the observed r a te s  o f  chem ical r e a c tio n s  between s o l id s
and l iq u id  s o lu tio n s  can be c o n tro lle d  by t r a n s p o r t  p ro c e sse s , i . e .  mass
t r a n s f e r  o f  io n s  o r  m olecules by convection  and d if fu s io n , i s  n o t a
(1 )re c e n t one. Thus W. N ernst , in  1904, prom ulgated h is  g en era l d if fu s io n  
theo ry  o f  the  k in e t ic s  o f  heterogeneous chem ical r e a c tio n s  between s o l id s  and 
l iq u id s  accord ing  to  which the  r a te  o f  r e a c tio n  between a s o l id  and a  
d isso lv ed  substance i s  c o n tro lle d  by the  speed w ith  which so lu te  sp e c ie s  
can d if fu s e  through a  th in  s t a t i c  la y e r  o f  s o lu tio n , o f  th ick n ess  6 , 
adhering  to  the  s u rfa c e . Most prom inent among the workers who adopted 
N e rn s t 's  view p o in t were L. Brunner^^^. K. Jab lczy n sk i and S t .J a b lo n s k i^ ^ \
(4)and R.G. Van Name and h is  co-w orkers who soon produced experim en tal
evidence in  suppo rt o f  th e  d if fu s io n  la y e r  th e o ry . On the o th e r  hand, o th e r
w orkers, no tab ly  T. E ricson-A uren and W. P a lm ae r^ ^ \ M. W ilderm ann^^\
Von EcN. Gapon^*^\ S. Miyamoto^^^, P .S . R oller^^^ and E.A. Moelwyn-Hughes^^^^;
have c r i t i c i s e d  the  th eo ry , sometimes even to  the  e x te n t o f  denying the
e x is ten ce  o f  a d if fu s io n  la y e r  a t  th e  s o l id - l iq u id  in te r f a c e .
N em st and Brunner supposed th a t  the  d if fu s io n  la y e r  theo ry  was g e n e ra lly
a p p lic a b le  to  heterogeneous re a c tio n s  between s o l id s  and l i q u id  re a g e n ts .
( 1 1 )However, i t  was soon p o in ted  ou t by Van Name and D.V. H il l  th a t  th re e  
types o f  heterogeneous re a c tio n s  between s o l id s  and l iq u id s  were p o s s ib le :
(a) The chem ical r e a c tio n  a t  the  s o l id  su rface  i s  very  much f a s t e r  than  
the  r a te  o f  d if fu s io n  o f  the  so lu te  to  the  in te r f a c e ,  w ith  the  consequence 
th a t  the  observed r a te  i s  c o n tro lle d  by th e  l a t t e r .  In  th i s  case , a 
co n ce n tra tio n  g ra d ie n t o f  so lu te  would be s e t  up a t  the  in te r f a c e  and 
P ic k 's  f i r s t  law o f  d if fu s io n  could be ap p lied  in  o rd e r to  d e riv e  a  r a te  
eq u a tio n  fo r  the r e a c tio n .
7.
(b) The chem ical r e a c tio n  on the  s o l id  su rfa c e  i s  much slow er than  the 
r a te  o f  d if fu s io n ,  so the  ra te -d e te rm in in g  p ro cess  i s  th e  form er. In  such 
re a c tio n s  th e re  i s  no c o n ce n tra tio n  g ra d ie n t a t  the  su rfa c e  o f  th e  s o l id  
and th e re  i s  a  uniform  c o n ce n tra tio n  o f  s o lu te  throughout th e  l iq u id  phase .
(c) The r a te  co n s tan ts  fo r  the  d if fu s io n  and chem ical p ro cesse s  a re  o f  
comparable m agnitude, and the  r a te  o f  tr a n s p o r t  o f  s o lu te  m olecules to  th e  
s o l id  su rface  i s  equal to  the r a te  a t  which they  a re  consumed by the  chem ical 
r e a c t io n .  In  th i s  type o f  heterogeneous re a c tio n  (th e  s o -c a lle d  
in te rm e d ia te  type) th e re  i s  a co n c e n tra tio n  g ra d ie n t a t  the  s o l id - l iq u id  
in te r f a c e ,  b u t th e  c o n ce n tra tio n  o f  r e a c tiv e  so lu te  a t  the  su rface  o f  the  
r e a c tin g  s o l id  i s  no t zero .
On g en era l k in e t ic  grounds, th e re  i s  no sharp  d i s t in c t io n  between the
p o s s ib le  types o f  heterogeneous r e a c tio n  system and in  p r a c t ic e  a  g ra d a tio n
between the l im i t in g  cases o f  a c t iv a tio n -a n d  tra n s p o r t- c o n tro l  i s  encountered ,
Van Name and H i l l ' s  c la s s  (c) being  the  gen era l case .
Concrete examples o f  re a c tio n s  conforming to Van Name and H i l l ' s
c l a s s i f i c a t io n  a re  a s  fo llo w s :-  ( i )  the  re a c tio n  between a copper c y lin d e r
r o ta t in g  a t  6,400 r .p .m . and 0 ,1  M a c e t ic  ac id  b u ffe red  by 0 .1  M sodium
a c e ta te  in  the  p resence o f  th io n in e  as  a d e p o la r is e r  s tu d ie d  by
( 12)M. Hochberg and C.V. King i s  an example o f  a  chem ically  c o n tro lle d  
heterogeneous re a c tio n ; ( i i )  the  re a c tio n  between cadmium d is c s  3°83 cm 
in  d iam eter r o ta t in g  a t  200 r .p .m . and 0 .02  M io d in e  d isso lv e d  in  aqueous 
0 .3  M KI s tu d ie d  by Van N a m e ^ a n d  co-w orkers i s  an example o f  a  d if fu s io n  
c o n tro lle d  re a c tio n ;  to  Van Name and H i l l ' s  c la s s  (c) belongs the  re a c tio n  
between copper cy lin d e rs  r o ta t in g  a t  3,200 rp.m , and 0 .1  M a c e t ic  ac id  
b u ffe red  by 0 .1  M sodium a c e ta te ,  in  the  p resence o f  3*3 x 10 ^ M
( 12)p-benzoquinone a s  d e p o la r is e r ,  s tu d ie d  by M. Hochberg and C.V. King .
8.
Although, N e rn s t 's  assum ption o f  a  s ta t io n a ry  d if fu s io n  la y e r  a t  the 
s o l id - l iq u id  in te r f a c e  o f  a  system s u b je c t to  d if fu s io n  c o n tro l i s  now
( 13)g e n e ra lly  h e ld  to  be in v a l id ,  many w orkers in  the f i e l d  o f  heterogeneous 
re a c tio n s  n e v e r th e le s s  adhere to  a  m odified  v e rs io n  o f  N e rn s t 's  view in  
which a  s t a t i c  la y e r  has been rep la ced  by a  hydrodynamic la y e r  in  which 
mass t r a n s f e r  occurs by bo th  d if fu s io n  and convection . In  t h i s  connection , 
i t  i s  p e r t in e n t  to  in q u ire  w hether th e re  i s  any d i r e c t  experim ental 
evidence fo r  th e  e x is te n c e  o f  boundary la y e r s  a t  s o l id - l iq u id  in te r f a c e s  
in  heterogeneous r e a c tio n s .  As a  m a tte r  o f  f a c t ,  th e re  i s  s tro n g  evidence 
in  suppo rt o f  t h e i r  e x is te n c e  in  c e r ta in  system s:
( i )  C.V. King euid S. B rodie found th a t  a th in  la y e r  o f  
s o lu tio n  a t  the  su rface  o f  a  barium hydroxide c r y s ta l  in  a  ra p id ly  s t i r r e d  
s o lu tio n  o f  d i lu te  ac id  co n ta in in g  p h en o lp h th a le in  became p in k .
/ éA C \
( i i )  H .F. Walton t when d isc u ss in g  h is  own work and th a t  o f  
P.A . Jacquet^^^^ on the  e le c t r o ly te  p o lish in g  o f  copper, m entions th e  f a c t  
th a t  a  th in ,  v iscous la y e r  o f  s o lu tio n , r ic h  in  copper s a l t s ,  i s  seen to  
form on th e  su rface  o f  a copper anode immersed in  a c id i f ie d  copper 
Phosphate s o lu t io n s .
( 17)( i i i )  A Brenner has used a  f re e z in g  ou t method to dem onstrate
the  ex is te n c e  o f  a d if fu s io n  la y e r  and to  measure i t s  th ic k n e ss , which was
found to  be o f  the  expected o rd e r o f  magnitude (abou t 10 ^ cm).
( iv )  The S ch lie ren  in te r fe ro m e te r  m e t h o d ^ h a s  been used to
ren d er d if fu s io n  la y e r s  v is ib le  and to  ev a lu a te  6 , the  th ic k n e ss  o f
th e  la y e r .  ,
(v) H .J . A n tw eiler has photographed the  d if fu s io n  la y e r  a t  the
dropping mercury cathode.
In  o rd e r  to  give an o rd e r ly  and balanced  account 
o f  th e  work th a t  has been done in  the f i e ld  o f  heterogeneous re a c tio n s  
in v o lv in g  s o l id s  and l iq u id  re a g e n ts , i t  i s  necessary  to  d isc u ss  N e rn s t 's  
theo ry  in  some d e t a i l  b e fo re  th e  more modem hydrodynam ical tre a tm e n ts  o f  
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10.
N em st assumed th a t  chem ical re a c tio n s  a t  the in te r f a c e  were 
in v a ria b ly  very f a s t  compared to  the  r a te  a t  which s o lu te  m olecules could 
d if fu s e  to  the  s o l id  su rface  t h r o u ^  a  d if fu s io n  la y e r  o f  th ic k n e ss  
6 cm., formed by r e a c tio n  p ro d u c ts  in  the  i n i t i a l  s ta g e s  o f  r e a c t io n .
L et th e  a re a  o f  s o l id  exposed to  a t ta c k  be A sq .cm ., and th e  volume 
o f  s o lu tio n  V C . C . ,  co n ta in in g  c gram m olecules o f  r e a c tiv e  s o l u t e p e r  
c .c .  (see F ig . 1 . ) .
The number o f  gram -m olecules reach in g  the  su rface  o f  s o l id  through 
th e  d if fu s io n  la y e r  in  tim e d t  i s  dn, and in  th i s  time the  f a l l  in  
c o n ce n tra tio n  w i l l  be ^  gram m olecules p e r  c .c .  Then by F ic k ’s . f i r s t  
law o f d if fu s io n ,
#  = -  m  ^    ( 1) ,d t  dx
where D i s  the  d if fu s io n  c o e f f ic ie n t  o f  the  so lu te  and 4 ^  thedx
c o n ce n tra tio n  g ra d ie n t normal to - th e  su rfa c e .
Now cV = n, so Vdc = dn and ~  = V ~  .
Hence equa tio n  (1) becomes; Vdc = _ DA- r^ 
dc
d t  ax
= -  DA dc   (2)
“ t o
N ernst assumed th a t  the  c o n ce n tra tio n  g ra d ie n t i s  given by
c -  c's ,  where c_ i s  the so lu te  co n ce n tra tio n  a t  th e  s u r fa c e . 
6 ®
S u b s ti tu t io n  in  (2) g iv e s:
■ i  = (=  -    (3 )
A f u r th e r  assum ption made by N ernst was th a t  fo r  many r e a c tio n s ,  
e .g . ,  those between m eta ls  and a c id s ,  c^ i s  v i r t u a l ly  ze ro , so eq u a tio n  ( 3) 
s im p l if ie s  to ;
-  dc = DA c   (4)
d t V6
which i s  an equa tio n  o f  the f i r s t  o rd e r  in  s o lu te  co n c e n tra tio n .
11.
The f i r s t  o rd e r  consteint i s  g iven  by
k = DA   (5)
V6
From equation  (5 ) , 6 = DA , so the  th ick n ess  o f  th e  d if fu s io n  la y e r
Vk
can be c a lc u la te d  from the  observed f i r s t  o rd e r v e lo c ity  co n s tan t and th e  
d if fu s io n  c o e f f ic ie n t  o f  th e  s o lu te .
( 2)T his theo ry  was soon p u t to  the  t e s t  by Brunner , who determ ined
th e  th ic k n e ss  o f  th e  N ernst d if fu s io n  la y e r  fo r  a number o f  d i f f e r e n t
heterogeneous re a c t io n s .  I t  i s  s ig n i f i c a n t  th a t  th e se  v a lues a re  a l l  o f
•"3 othe  same o rd e r  o f  m agnitude, a mean value being  about 3 x 10 cm a t  20 C.
Although Moelwyn-Hu^es^^^^ p o in ts  ou t th a t  such a  value fo r  the  th ic k n e ss
o f  the  d if fu s io n  la y e r  i s  im probably la rg e ,  th e  f a c t  th a t  6 has about th e  same
value fo r  many re a c tio n s  o f  vary ing  chem ical c h a ra c te r  s tro n g ly  su g g es ts
th a t  th e  r a te s  a re  c o n tro lle d  by a  tr a n s p o r t  p ro c e ss .
The th ic k n e ss  o f  the  d if fu s io n  la y e r  should decrease  as  the  r a te
o f  s t i r r i n g  in c re a se s , w ith  the  consequence th a t  th e  r a te  o f  re a c tio n  w il l
in c re a s e . This o f f e r s  the  p o s s i b i l i t y  o f  an o th e r t e s t  o f  th e  th e o ry .
Indeed, many w orkers have found by experim ent th a t  th e re  i s  a power
re la t io n s h ip  between r a te  co n stan t and speed o f  re v o lu tio n , o f  the  form
k^ a r®, where k^ i s  the observed r a te  co n stan t p e r  u n i t  a re a  a t  u n i t
volume, r  = the  number o f  re v o lu tio n s  p e r  m inute, and s i s  the  ' s t i r r i n g
c o e f f i c i e n t ' .  The v a lues o f  s determ ined by a  number o f  w orkers fo r  a
wide v a r ie ty  o f  heterogeneous chem ical re a c tio n s  range from 0 .42
(W. N em st and E .S . Merriam^^^^) to  1 ( e .g .  C.V. King and M. Schack^^^^,
R .S. Johnson and H .J . M c D o n a l d , K .  Nagel and T. R enner^^^^).
I t  i s  ev id en t from eq u a tio n  (4) th a t  a  number o f  d i f f e r e n t  s o l id s
should d is so lv e  a t  the same r a te  in  th e  same s o lu tio n  under, the «same experimentfL
co n d itio n s
12.
(such as  tem pera tu re , type and r a te  o f  s t i r r i n g ,  s im ila r  r e a c t io n  v e sse ls )  
p rov ided  th e  s o l id s  a re  in so lu b le  in  th e  so lv e n t and th a t  the observed
(4)r a te s  a re  t r a n s p o r t- c o n tro l le d .  Van Name and h i s  c o l la b o ra to rs  found
th a t ,  w ith in  the  l im i t s  o f  t h e i r  experim en tal e r r o r s ,  the  m e ta ls  cadmium,
c o b a lt, copper, iro n , mercury, n ic k e l and z in c  d is so lv e d  in  aqueous
io d in e  so lu tio n s  a t  the  same r a t e ,  and th i s  was l a t e r  confirm ed by
( 24)A.C. R id d ifo rd  and L.L . Bircumshaw . N ernst e x p l i c i t ly  assumed th a t  6
i s  a  fu n c tio n  o f  the  r a te  o f  s t i r r i n g  and o f  the geometry o f  th e  system
on ly , and i s  independent o f  the  c o e f f ic ie n t  o f  d if fu s io n  o f  th e  s o lu te ,  o f
the  v is c o s i ty  o f  the  s o lu tio n , and o f  th e  tem p era tu re . He reasoned th a t
i f  6 i s  ex p erim en ta lly  determ ined fo r  one s o l id - l iq u id  system w ith  a given
type and r a te  o f  s t i r r i n g ,  then  the  r a te  co n stan t k^ can be c a lc u la te d
fo r  o th e r  heterogeneous s o l id - l iq u id  re a c tio n s  o ccu rrin g  under th e  same
( 2)flow c o n d itio n s . Brunner determ ined 6 from h is  measurements o f  the
d is s o lu t io n  r a te s  o f  benzoic ac id  in  w ate r, then  c a lc u la te d  by means
o f  equa tio n  (4) th e  r a te s  o f  d is s o lu t io n  o f  magnesium oxide in  v a rio u s  a c id s ,
making use o f  the  known c o e f f ic ie n ts  o f  d if fu s io n .  The agreem ent between
ca lc u la te d  and observed r a te s  was found to  be reaso n ab le .
I t  has been found exp erim en ta lly  th a t  an in v e rse  r e la t io n s h ip
ho ld s  between the  v i s c o s i t y ^  o f  a medium and th e  d if fu s io n  c o e f f ic ie n t  D
o f th e  s o lu te ;  thus = c o n s ta n t. From equa tio n  (5 ) , k^ = D .
Combining th ese  two r e la t io n s h ip s ,  i t  i s  seen th a t  k^ w i l l  be in v e rse ly
p ro p o r tio n a l to  the v is c o s i ty  o f  th e  medium, p rov ided  6 i s  a fu n c tio n  o f
(25)th e  type and r a te  o f  s t i r r i n g  o n ly . C.V. King and M.M. Braverman 
measured the  e f f e c t  on the  r a te  o f  d is s o lu t io n  o f  z in c  ob ta in ed  by 
changing the  v is c o s i ty  o f  a  h y d ro ch lo ric  ac id  s o lu tio n  by adding su cro se , 
e th y l a lco h o l and a  number o f  s a l t s .  They found on p lo t t in g  r a te  v e rsus 
th a t  the  in v e rse  p r o p o r t io n a l i ty  h o ld s  r a th e r  w e ll . Furtherm ore,
T
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(4)they claim  th a t  Van Name and K i l l ' s  r e s u l t s  on the  e f f e c t  o f  a lco h o l 
up to  3 M and sucrose up to  1 M on the  r a te  o f  d is s o lu t io n  o f  cadmium in  
iod ine-po tass ium  io d id e  s o lu tio n s ,  when p lo t te d  in  the  same way, g ive a 
s im ila r  in v e rse  r e la t io n s h ip ,  th u s  le n d in g  f u r th e r  suppo rt to  the  N ernst 
th eo ry .
I f  6 i s  a  fu n c tio n  o f  th e  r a te  and type o f  s t i r r i n g  on ly , 
and D should have the  same tem peratu re  c o e f f ic ie n t ,  and hence the  observed 
c r i t i c a l  increm ent should be about 4,300 c a lo r ie s  a t  I t  has been
found th a t  many heterogeneous re a c tio n s  do have about t h i s  value fo r  the
(4)observed c r i t i c a l  increm ent, e . g . , Van Name and H il l  found th a t
= 4,000 c a lo r ie s  p e r  mole fo r  th e  d is s o lu t io n  o f  cadmium in  aqueous 
io d in e . However, i t  must be p o in ted  ou t th a t  some homogeneous r e a c t io n s  in  
so lu tio n  have a  c r i t i c a l  increm ent o f  t h i s  o rd e r , o r  l e s s ,  so th a t  mere 
o b se rv a tio n  o f  such an a c t iv a t io n  energy i s  n o t in  i t s e l f  evidence for 
the  occurrence o f a  d if fu s io n -c o n tro l le d  re a c t io n .
The d e fe c ts  o f the  N ernst theo ry  must now be co n sid ered . As
p re v io u s ly  s ta te d ,  the p o s s i b i l i t y  o f  w holly c h e m ic a lly -c o n tro lle d  o r  p a r t l y
c h em ica lly -co n tro lle d  re a c tio n s  was r e a l is e d  by Van Name and H i l l .  I t  was
subsequently  shown by s e v e ra l w orkers th a t  the  r a te s  o f  some heterogeneous
( p G)p ro cesse s  a re  a c t iv a t io n  c o n tro lle d , e .g .  M. C entnerszw er and Zablocki 
found th a t  the  r a te s  o f  d is s o lu t io n  o f  c e r ta in  m eta ls  in  a c id s  a re  
u n a ffec ted  by the r a te  o f s t i r r i n g ;  Moelwyn-Hughes^*^^\ d is c u s s in g  the  
k in e t ic s  o f  the decom position o f  sodium h y p o ch lo rite  in  aqueous s o lu tio n  
ca ta ly sed  b} suspensions o f  c o b a lt perox ide  s tu d ied  by O.R. Hbwell^^^^, 
p o in ts  o u t th a t  the  observed c r i t i c a l  increm ent o f  16,600  c a lo r ie s  p e r  
mole i s  f a r  too h igh  fo r  a  d if fu s io n -c o n tro l le d  re a c tio n  and he e x p la in s  
the  k in e t ic s  adequa te ly  on the  assum ption th a t  the r a te  i s  c o n tro lle d  by 
a c t iv a te d  c o l l i s io n s  between h y p o c h lo rite  io n s  and c a ta ly s t  su r fa c e .
14.
Re N e r n s ta s s u m p t i o n  th a t  th e  d if fu s io n  la y e r  i s  s ta t io n a ry  
w ith  re s p e c t  to  the  s o lid  su rfa c e , s tro n g  evidence in  favour o f  the  view
s
U.iat f lu id  m otion p e r jis ts  down to  the su rfa c e  i t s e l f  has been adduced by
E o l l e r ^ ^ \  and by A. Page and H.C.H. Townend^^^^. The l a t t e r  two
in v e s t ig a to r s  s tu d ie d  the  tu rb u le n t  flow o f  w ater in  p ip e s  w ith  the  a id
o f  an u ltram ic ro sc o p e , and found th a t  n ear th e  p ip e  w all th e  flow was
lam in ar; m otions o f  in te n s e ly  il lu m in a te d  p a r t i c l e s  in  th e  lam inae being
. -4observed to  w ith in  a  dstance o f  0 .6  x 10 cm. from the  w a ll .  T his 
d is ta n c e  in  on ly  1/50 o f  the th ic k n e ss  (3 x 10 %a)of the s o -c a lle d  N ernst 
diffusion la y e r .
A th e o re t ic a l  trea tm e n t in  term s o f  hydrodynamic p r in c ip le s  fo r  the
case o f  a  p lane  d is c  e le c tro d e  r o ta t in g  about an a x is  p e rp e n d ic u la r  to  i t s
(29)p la n e  has been given by B. Levich . T h is trea tm e n t shows th a t  a 
n o n - lin e a r  co n c e n tra tio n  g ra d ie n t e x i s t s  a t  the in te r f a c e  and th a t  t h i s  
g ra d ie n t ex tends over a  d is ta n c e  6 ' from the s o l id  su rfa c e  in to  the  
s o lu t io n .  6 ' i s  r e la te d  to  6, the  th ic k n e ss  o f  th e  h y p o th e tic a l 
N ernst la y e r  by
& = [0.8934  + 0,316  (2 )0 -36 ] 6 '   ( 6 )
where D i s  th e  d if fu s io n  c o e f f ic ie n t  o f  th e  s o lu te  and v the  k in em atic
v is c o s i ty  o f  th e  s o lu tio n  (y = . In  aqueous s o lu tio n s  a t
o rd in a ry  tem p era tu res  ^ 7  10 so th a t  eq u a tio n  (6) reduces  to ,
6 = 0.894  6 '   (7 )
F in a l ly ,  N e rn s t 's  assum ption th a t  6 i s  independent o f  th e  d i f fu s io n  
c o e f f ic ie n t  o f  s o lu te ,  the v is c o s i ty  o f  the  medium, and th e  tem pera tu re  
must be examined. From th e  r e l a t  lonship k^ = ~  , k,j, should  be 
p ro p o r tio n a l to  D, p rov ided  6 i s  independent o f  D. However, experim ents 
by C.V. King and W.H. C a th c a r t^ ^ ^ \  and by Eucken^^"*\ have shown th a t  k,^
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i s  n o t d i r e c t ly  p ro p o r tio n a l to  D, bu t th a t  a  power r e l a t i o n  e x i s t s  between 
them, a  D^o For the d is s o lu t io n  o f  magnesium c y lin d e rs  in  a c id s .  King 
and C a th c a rt o b ta in ed  the  value p = 0 .7 , w hile A. Eucken found p = 0 .66  
fo r  lam in ar flov/. These r e s u l t s  su g g es t a t  once th a t  6 i s  a  fu n c tio n  o f
the d if fu s io n  c o e f f ic ie n t  o f  the  s o lu te ,  the  v is c o s i ty  o f  th e  medium
(a lso  suggested  by the  f a c t  th a t  v isco u s lam in ar flow occu rs  w ith in
the N ernst la y e r ) ,  and the  tem p era tu re . Hence o f  course the  tem pera tu re
c o e f f ic ie n ts  fo r  k^ and y  need n o t be id e n t ic a l .
Thus in  the  face o f  the  experim en tal evidence o f  Fage and Townend, 
and o th e rs ,  i t  appears  th a t  th e  concept o f  a s ta t io n a ry  d if fu s io n  la y e r  
ad ja c e n t to  the  s o l id  su rface  has to  be abandoned. The in v e s t ig a t io n s  o f  
Levich, and o th e rs ,  have shown th a t  in  th e se  system s the  r a t e s  o f  which 
appear to  be governed by tr a n s p o r t  p o rcesse s  (where the  observed r a te  i s  
a fu n c tio n  o f  s t i r r i n g  speed, e t c .  ) th e re  e x i s t s  a  c o n c e n tra tio n  g ra d ie n t 
ex tend ing  from the  s o lid  su rfa c e  to  p o in ts  in  the l i q u id  d i s t a n t  about 6 
from the s u r fa c e . The experim en tal evidence fo r  the  e x is te n c e  o f  such a 
boundary la y e r  in  c e r ta in  system s has a lre ad y  been o u tl in e d .  In  the  case 
o f  lam inar flow p a r a l l e l  to  the  s o l id  su rfa c e , mass t r a n s f e r  w i l l  be p a r t l y  
by convection  and p a r t ly  by d iffu a o n , the  l a t t e r  becoming more im p o rtan t as  
the  su rface  i s  approached. For tu rb u le n t  flow , such as  i s  o f te n  encountered  
in  system s o f  chem ical i n t e r e s t ,  mass t r a n s f e r  from th e  body o f  the  f lu id  
to  th e  boundary la y e r  ta k e s  p la ce  by fo rced  convection , w hile mass t r a n s f e r  
a c ro ss  the  boundary la y e r  ta k e s  p lace , by d if fu s io n  and by con v ec tio n .
In  g en era l the  q u a n t i ta t iv e  trea tm e n t o f  mass t r a n s f e r  in  
heterogeneous system s i s  very  d i f f i c u l t .  A part from the  complex geometry 
o f  many system s, in te r f a c e s  o th e r  th an  th e  ones where th e  a c tu a l  chem ical 
r e a c t io n ( s )  occur may in f lu e n c e  th e  hydrodynamic flow p a t te r n s  to  a 
co n sid e rab le  degree , e .g . , i n t e r f a c e s  a t  the  w a lls  o f  a co n ta in in g  v e s s e l .
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o r between a s t i r r e r  and l i q u id .  However, th e o r e t ic a l  tre a tm e n ts  have
been given fo r  c e r ta in  f a i r l y  sim ple g eo m etrica l system s, namely a 
(pQ)
r o ta t in g  d is c  and a  r o ta t in g  c y lin d e r  •
Any complete hydrodynamic trea tm e n t o f  mass t r a n s f e r  must take 
in to  account bo th  the  d if fu s iv e  t r a n s p o r t  and the  convective  t r a n s p o r t  o f  
m a tte r . The r a te  o f  change w ith  tim e o f the c o n c e n tra tio n  c o f  so lu te  
a t  a given p o in t  in  a  s o lu tio n  i s  given by the  eq u a tio n :
“ ( 0 * 0 *  I ? ) - ( " 1 ^ *  ' I t - “ I f
  (8)
where u, v, and w a re  th e  v e lo c ity  components o f  flow p a r a l l e l  to  the  
X ,  y , and z axes, r e s p e c t iv e ly ,  and D i s  th e  d i f fu s io n  c o e f f ic ie n t  o f  
the  s o lu te .  The v e lo c ity  components must be determ ined by the  e q u a tio n s  
o f  c o n tin u ity  and by the N av ier-S tokes e q u a tio n s , to g e th e r  w ith  the 
a p p ro p ria te  boundary c o n d itio n s . In  c y l in d r ic a l  p o la r  c o o rd in a te s , 
eq u a tio n  ( 8 ) becomes;
 ^ 0 * *,^ -0 * 0) -(\0 *^0 *
( 9 )
fo r  which th e  o r ig in  o f c o o rd in a te s , in  the  case o f  a  r o ta t in g  d is c ,  i s  
the  c e n tr  o f  the d is c ,  and the y co o rd in a te  i s  the  l i n e  through th e  o r ig in  
p e rp e n d ic u la r  to  the  p lane  o f  the  d is c .  The s o lu tio n s  o f  the  e q u a tio n s
o f  f lu id  m otion a p p lic a b le  to  sim ple system s have been o b ta in ed  by
( 33) ( 34)T, von Karman and W.G. Cochran , and Levich made use o f  the
r e s u l t s  to  so lve  eq u a tio n  (9 ) fo r  th e  id e a l  case o f  a  la rg e  d is c  r o ta t in g
in  an i n f i n i t e  volume o f  s o lu tio n  under n o n -tu rb u le n t flow c o n d itio n s .
Levich assumed th a t  c i s  independent o f  r ,  so th a t  terras in v o lv in g  
^  c 3  ^c v an ish  from eq u a tio n  9 . For th e  steady s t a t e  o f
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3 cconvective t r a n s f e r ,  = 0 . The a x ia l  symmetry o f  the system  makes i t  
ev id en t th a t  the  co n c e n tra tio n  c i s  independent o f  the  ang le  0, Hence the  
terras in  0 d isap p ea r from eq u a tio n  (9) and i t  reduces to ;
= 0  ¥  —
which i s  r e a d i ly  so lved .
The s o lu tio n  o f eq u a tio n  (10) can be ap p lied  to  a system  o f 
f i n i t e  s iz e ,  p rov ided  th e  d iam eter o f the  d isc  i s  »  6 and th a t  th e  volume V 
o f  s o lu tio n  i s  la rg e  e n o u ^  to  reduce the  hydrodynamic e f f e c t s  o f  th e  v e s se l 
w a lls  to  a minimum. As a l.read y  m entioned, Levich found th a t  ô = 0 ,8 9 4 6 ',  
so th a t  equatiofa (3) becomes,
_ dc ^ M  (c -  c^) ............ ( 11)
V 0 . 8946 '
He a lso  found from the  s o lu tio n  o f eq u a tio n  (10) th a t
6 ' = 1.805 ( 2 ^    ( 12) ,
where v = k inem atic  v is c o s i ty ,  v/ = an g u la r v e lo c ity  o f  the d is c ,  and
D = the d if fu s io n  c o e f f ic ie n t  o f  the  s o lu te .  Hence,
k  I6 = 0 , 8946 ' = 1,612  D ^ y ^ w ^  ( 13) ,
an im portan t eq u a tio n  which r e l a t e s  the th ic k n e ss  o f  the  N ernst d if fu s io n  
la y e r  (a s  c a lc u la te d  from eq u a tio n  (5 )) to  th e  d if fu s io n  c o e f f ic ie n t  o f 
s o lu te ,  th e  k inem atic  v is c o s i ty  o f  s o lu tio n , and th e  speed o f  r o ta t io n  
o f  the  disci, Also i t  i s  r e a d i ly  seen th a t
k^ = 0 ,62  D* y " '^ w * ' . . . . . . .  (1 4 ) .
From eq u a tio n s  (11) and ( I 3) ,  i t  i s  seen th a t  the r a te  o f  r e a c t io n  ( -  ~ )  
should  i n t e r a l i a  be p ro p o r tio n a l to  wZ . V.G, G iver and B.N, Kabanov 
s tu d ie d  th e  l im i t in g  c u r re n ts  a t  an amalgamated copper d is c  cathode in
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v a rio u s  s o lu tio n s  and in  each case found th a t  the  l im i t in g  c u r re n t  was
p ro p o r tio n a l to  the  square ro o t o f  the  an g u la r v e lo c ity  o f  th e  d is c ,
(24)R id d ifo rd  and Bircumshaw , s tu d y in g  th e  d is s o lu t io n  o f  z in c  in  
I^-K I s o lu tio n s  in  the  speed range 5-21  ra d ia n s  p e r  second and u s in g  th in  
m etal sh e e ts  ro ta te d  on a g la s s  h o ld e r , found eq u a tio n  ( l4 )  to  ho ld  
f a i r l y  w e ll ,  D.P. Gregory and AoC. R i d d i f o r d s t u d i e d  th e  same re a c t io n ,  
b u t used c a re fu l ly  p repared  z in c  d is c s  5«3 cm, in  d iam ete r in  the  speed 
range 73-292 r .p .m .,  a t  tem p era tu res  20°-45°C. They found e x c e lle n t  
agreem ent w ith  the  co rre c te d  eq u a tio n . Both G iver and Kabanov, and 
Bircumshaw and R id d ifo rd  compared v a lu es  o f  6 c a lc u la te d  from eq u a tio n  (13) 
w ith  those ex p erim en ta lly  determ ined by eq u a tio n  (5) o f  the  sim ple N ernst 
th e o ry , and found th e  agreem ent to  be s a t i s f a c to r y ,  p a r t i c u la r ly  a t  th e  h ig h e r  
r a te s  o f  s t i r r i n g .
Levich has a lso  t r e a te d  the  case o f  lam in ar flow along  a  f l a t  p la te  
and has shown th a t ,
i. V * -
6 = 3 U    (15)
p rov ided  th a t  th e  dim ensions o f  the  system  a re  such th a t  w all and edge 
e f f e c t s  can be n e g le c te d . Here x i s  th e  d is ta n c e  from the  edge o f  the 
p la te  measured p a r a l l e l  to  the  su rfa c e  o f  the  p la te  and U i s  the  
c h a r a c te r i s t i c  v e lo c ity  o f  the  f l u i d .  Thus the th ic k n e ss  o f  th e  d if fu s io n  
la y e r  in c re a s e s  w ith  the d is ta n c e  from the  edge o f  the  p l a t e .  T his i s  
to  be c o n tra s te d  w ith  the case o f  th e  r o ta t in g  d is c  in  a  la rg e  volume o f  
f lu id  in  which the th ic k n e ss  o f  the  d i f fu s io n  la y e r  i s  co n s ta n t over a l l  th e  
d is c  su r fa c e . Thus, from th e o re t ic a l  c o n s id e ra tio n s  th e  th ic k n e ss  o f  the  
d if fu s io n  la y e r  in  any system depends among o th e r  f a c to r s  upon th e  geometry 
o f the system . I t  i s  a reaso n ab le  su p p o s itio n  to  make th a t ,  in  g e n e ra l,
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under tu rb u le n t  o r  n o n -tu rb u le n t c o n d itio n s , 6 (and 6 ' )  may be expressed  
as  a  fu n c tio n  o f  D, y , and the  c h a r a c te r i s t i c  v e lo c i ty  U o f  th e  system .
As D i s  an in v e rse  fu n c tio n  o f  y, the  sm all v a lu es  o f  th e  powers on D and y  
(eq u a tio n s  ( 13) and ( 15)) e x p la in  why s im i la r  v a lu es  o f  6 a re  f re q u e n tly  
o b ta in ed  fo r  re a c tio n s  o f  very  d i f f e r e n t  chem ical c h a ra c te r  under th e  same 
flow c o n d itio n s .
The com plexity o f  the hydrodynamics o f  th e  p ro c e sse s  o f  mass 
t r a n s f e r  in  chem ical r e a c tio n  v e s s e ls ,  p a r t i c u la r ly  when th e  in te r f a c e  i s  
in  m otion, re n d e rs  the q u a n t i ta t iv e  tre a tm e n t o f  heterogeneous r e a c t io n s  
under tu rb u le n t  co n d itio n s  o f  flow very d i f f i c u l t  ( s e e , fo r  exam ple, 
Bircumshaw and R iddiford^  and V.G. Levich^ Dimensional a n a ly s is
/ -7 O \
has proved to  be o f  some value fo r  such system s. Such a n a ly s is  
y ie ld s  the  fo llow ing  r e la t io n s h ip  between 6 and th e  d im en sio n less  groups 
known as the  Reynolds number (Rd) and th e  P ra n d tl number ( P r ) ;
6 = (2 ) (Bd)"^ (P r ) " '’   ( 16) ,
where 1 i s  the  c h a r a c te r i s t i c  le n g th  (such  a s  d iam ete r o f  c y l in d e r ) ,  B i s  
a  number, a  and b a re  exponents. B, a  and b must be determ ined  by 
experim ent. N e ith e r (Rd) nor (P r) in v o lv es  Ac (change in  c o n c e n tra tio n ) , 
so eq u a tio n  ( l 6) le a d s  to  the  im portan t r e s u l t  th a t  6 (and 6 ')  i s  
independent o f  th e  c o n c e n tra tio n  d if fe re n c e  a t  the  i n t e r f a c e .  The 
exponent a  i s  the s t i r r i n g  c o e f f ic ie n t  p re v io u s ly  r e f e r r e d  to  and, as  
we have seen , has v a lu es  rang ing  from about 0 .4  to  1 . R id d ifo rd  and 
B i r c u m s h a w ^ r e g a r d  exponent b a s  having  the  c o n s tan t value  0 ,3 3 . 
T h ere fo re , b e a rin g  in  mind the  d e f in i t io n s  o f  (Rd) and (P r ) ,  an exam ination  
o f  eq u a tio n  ( l 6) shows th a t  the  powers on y and D w il l  have p o s i t iv e ,  
f r a c t io n a l  v a lu es  and th u s  a lso  in d ic a te s  why s im i la r  v a lu es  o f  6 a re  
o b ta in ed  fo r  many chem ical r e a c t io n s  o f  d i f f e r e n t  c h a ra c te r  under th e  same 
flow c o n d itio n s .
20.
We have seen how the  o r ig in a l  N ernst theo ry  has had to  be m odified  
in  th e  l i g h t  o f  th e  more modern hydrodynamic tre a tm e n t o f  s o l id - l iq u id
( 28)heterogeneous r e a c tio n s ,  and how Fage and Townend’s o b se rv a tio n s  on 
lam inar flow a t  a s o l id - l iq u id  in te r f a c e  gave experim en ta l su p p o rt to  the  
f in d in g s  o f  the  hydrodynamic trea tm e n t concern ing  the  n a tu re  o f  th e  
d if fu s io n  la y e r .  M oreover, we have l i s t e d  v a r io u s  p ie c e s  o f  experim en ta l 
evidence su p p o rtin g  th e -e x is te n c e  o f  d i f fu s io n  la y e r s  ’ in  . c e r ta in  s 'y s ten s .
Thus i t  seems th a t  in  many system s o f  chem ical i n t e r e s t ,  co n v ec tiv e - 
d if fu s iv e  mass t r a n s f e r  can p la y  an im portan t p a r t  in  d e te rm in in g  th e  
k in e t ic  course o f  r e a c t io n s .  I t  i s  acc o rd in g ly  o f  th e  g r e a te s t  im portance to  
be ab le  to  apply  p r a c t ic a l  c r i t e r i a  which w i l l  enab le  one to  reco g n ise  
heterogeneous re a c tio n s  the  r a t e s  o f  which a re  p a r t l y  o r  w holly c o n tro lle d  
by c o n v e c tiv e -d if fu s iv e  mass t r a n s f e r .  F ive such c r i t e r i a  have in  g en e ra l 
been ap p lied  by in v e s t ig a to r s  in  t h i s  f i e l d  o f  r e a c t io n  k in e t i c s :
( i )  V arious s o l id s  d is so lv e  in  th e  same reag e n t a t  th e  same r a te  
under th e  same flow c o n d itio n s .
( i i )  For a  given s o l id  d is s o lv in g  in  d i f f e r e n t  re a g e n ts , the  
observed r a te s  g e n e ra lly  fo llow  the  d if fu s io n  c o e f f ic ie n ts  o f  th e  re a g e n ts .
( i i i )  U sually  th e  observed r a t e  i s  n e a r ly  in v e rs e ly  p ro p o r tio n a l  
to th e  v is c o s i ty  o f  the  s o lu tio n .
( iv )  S t i r r i n g  (fo rced  convection) has a marked e f f e c t  on the. 
observed r a te s  o f  d if fu s io n  c o n tro lle d  r e a c t io n s .
(v) The tem peratu re c o e f f ic ie n t s  o f  d if fu s io n  c o n tro l le d  r e a c t io n s  
a re  u s u a lly  in  the range 1.1 to  1 .5  p e r  10°C r i s e  in  tem p era tu re , w hereas 
chem ical re a c t io n  r a te  co n s ta n ts  o f te n  have tem peratu re  c o e f f ic ie n ts  o f  
about 2 . These c o e f f ic ie n ts  app ly , o f  course , to  near-room -tem peratu re  
c o n d itio n s .
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Mass t r a n s f e r  p ro c e s se s , when they  c o n tro l the  o v e ra l l  r a t e s  o f
heterogeneous chem ical r e a c t io n s ,  h in d e r  the  e lu c id a t io n  o f  th e  tru e  mechanisms
o f  the  r e a c t io n s  ta k in g  p la ce  on th e  su rfa c e  o f  th e  s o l id s ,  f o r  the  a c tu a l
observed r a te s  in  such i^stem s w i l l  be those  o f  c o n v e c tio n -d if fu s io n , n o t
o f  th e  chem ical r e a c t io n s .  T his appears  to  have been so in  th e  case o f
some s tu d ie s  on the  re a c tio n s  o f  th e  m e ta ls  magnesium and z in c  w ith
( 39)v a rio u s  a c id s .  Thus M.- K ilp a tr ic k  and H. Rushton made an ex te n s iv e
in v e s t ig a t io n  o f  th e  r e a c t io n s  o f  th e se  two m eta ls  w ith  aqueous s o lu tio n s
o f  a  v a r ie ty  o f  s tro n g  and weak a c id s ,  w ith  a  view to  t e s t in g  th e  extended
theo ry  o f  a c id s  and b ase s , and used t h e i r  ex p erim en ta lly  determ ined  r a te
co n s ta n ts  in  a  lo g  k^ v e rsu s  lo g  K^ p lo t ,  where k^ was supposed to  be th e
chem ical r a te  co n s tan t fo r  th e  r e a c t io n  between th e  a c id  A and th e  m e ta l,
(30)and K^ i s  the  d is s o c ia t io n  co n s tan t o f  the  a c id . As King and C a th c a rt
l a t e r  p o in ted  o u t, th e  r e a c t io n s  in v e s t ig a te d  by K ilp a tr ic k  and Rushton a re
d if fu s io n  c o n tro lle d  because th e  observed r a te s  a re  m arkedly in f lu e n c e d
by the  r a t e  o f  s t i r r i n g  o f  the s o lu tio n s  and by th e i r  v i s c o s i t i e s .  Moreover
the  low v a lu es  o f  the  tem peratu re  c o e f f ic ie n ts  fo r  th e  r e a c t io n s  between
( 25)z in c  and bo th  h y d ro c h lo ric  and a c e t ic  a c id s  found by King and Braverman 
suppo rt t h e i r  co n ten tio n  th a t  th e se  r e a c t io n s  a re  d i f fu s io n  c o n tro l le d .  I t  
th e re fo re  appears  th a t  th e  k^ v a lu es  used by K ilp a tr ic k  and Rushton were 
n o t tru e  chem ical c o n s ta n ts .
The i n i t i a l  purpose o f  th e  p re s e n t  in v e s t ig a t io n  was tw o -fo ld :
(a) to  determ ine to  what e x te n t d if fu s io n -c o n v e c tio n  p ro c e sse s  c o n tro l 
th e  r a t e s  o f  heterogeneous r e a c t io n s  between m e ta ls  and v a r io u s  s o lu tio n s ,  
m ainly a c id s ; (b) to  ga in  in fo rm atio n  re le v a n t to  th e  mechanism(s) o f  th e  
chem ical r e a c t io n s  a t  th e  su rfa c e  o f  th e  m e ta ls .
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With reg a rd  to  ( a ) , u ljjftrason ic  waves a re  used in  an a ttem p t to  
remove any d if fu s io n  la y e r  th a t  may be p re s e n t  a t  th e  m e ta l- l iq u id  
in te r f a c e ,  so th a t  the  re a c t io n  r a te  w i l l  then  be c o n tro l le d  by the  
chem ical p ro c e sse s  o c c u rrin g  a t  the  m etal s u r fa c e . T here fo re  by com paring 
the k in e t ic s  o f  r e a c tio n s  when they  a re  in flu e n c e d  by u ltra so u n d  w ith  the  
k in e t ic s  o f  the  same re a c tio n s  when they a re  n o t su b je c te d  to  u l t r a s o n ic  
waves, one m ight determ ine to  what e x te n t c o n v e c tio n -d if fu s io n  p ro c e s se s  
in f lu e n c e  th e  r a te s  o f  heterogeneous re a c t io n s .
Concerning ( b ) , i t  could w e ll be th a t  the  study  o f  h e terogeneous 
re a c tio n s  in flu en ced  by u ltra so u n d  may p ro v id e  in fo rm a tio n  about th e  
mechanism(s) o f  re a c tio n s  between m e ta ls  and a c id s ,  and th e re fo re  h e lp  
to  e lu c id a te  the  n a tu re  o f  a c id s .
U ltra so n ic  waves have been used in  a  l im ite d  number o f  in v e s t ig a t io n s
o f heterogeneous re a c tio n s  in v o lv in g  s o l id - l iq u id  in t e r f a c e s .  As e a r ly
as  1933, N. M origuchi^^^^ in v e s t ig a te d  the e f f e c t  o f  u l t r a s o n ic  waves
o f  frequency = 470,000 c .p . s .  on the  r a t e s  o f  the  r e a c t io n s  between z in c
and h y d ro c h lo ric  o r  su lp h u ric  a c id s ,  and between m arble and h y d ro c h lo r ic
a c id . He used ac id  o f  s tre n g th  1,7  N and i r r a d i a te d  the  he terogeneous
system s in te r m i t te n t ly  w ith  u ltra s o u n d . In  each case he in v e s t ig a te d ,
the  u ltra so u n d  produced an in c re a se  in  r e a c t io n  r a te  (fo llow ed  by
o b serv in g  the  volume o f  gas evolved) o f  between fo u r and f iv e  f o ld .  He . 
la te r ^ ^ l^  extended h is  in v e s t ig a t io n s  to  in c lu d e  a  s tudy  o f  the  in f lu e n c e
o f  u l t r a s o n ic  waves on c o n c e n tra tio n  p o la r i s a t io n  in  th e  case o f  copper
e le c tro d e s  d ip p in g  in to  0 .1  N copper su lp h a te  s o lu t io n s .  From h is
r e s u l t s ,  which he p lo t te d  on a  c u r re n t d e n s ity  v e rsu s  v o lta g e  graphv ,
he concluded th a t  w ith in  the l i m i t s  o f  h i s  experim en ts, u l t r a s o n ic  waves
could remove com pletely the  d i f fu s io n  la y e r  on h is  copper w ire  e le c tro d e .
O ther w orkers have l a t e r  s tu d ie d  the e f f e c t s  o f  u ltra so u n d  on 
c o n c e n tra tio n  g ra d ie n ts ,  n o ta b ly  in  the  f i e l d  o f  e le c tro c h e m is try .
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( k P )E. Yeager and F. Hovorka s tu d ie d  th e  e f f e c t  o f  u l t r a s o n ic  waves on
th e  e le c tro d e p o s i t io n  o f  copper, u s in g  fre q u e n c ie s  o f  200 and 1 ,0 0 0 k c .p .s ,
a t  an in t e n s i ty  o f  1 w a tt p e r  sq.cm . They concluded th a t  " th e  u l t r a s o n ic
waves seem to  remove com pletely  th e se  c o n c e n tra tio n  g ra d ie n ts  a t
reaso n ab le  c u rre n t d e n s i t ie s ,  p a r t i c u l a r ly  when gaseous c a v i ta t io n  bubb les
(43)
a re  e v id e n t" . A few y e a rs  l a t e r ,  F , Hovorka, R. Penn and E . Yeager 
used the S c h lie re n  techn ique to  s tudy  th e  e f f e c t s  o f  b o th  s ta n d in g  and 
p ro g re s s iv e  u l t r a s o n ic  waves on c o n c e n tra tio n  g ra d ie n ts  produced by 
e lec tro ch e m ic a l m ethods. They used 0 .5  M copper su lp h a te  s o lu t io n s  a t  a 
tem peratu re  o f  25^0. With s ta n d in g  waves o f  frequency 500 k c .p . s .  a t  
i n t e n s i t i e s  below c a v i ta t io n  le v e ls ,  zones o f  d e p le te d  e l e c t r o ly te  a t  the  
cathode were observed to  s t r a t i f y  a t  th e  displacement» nodes w h ile  zones 
o f excess e l e c t r o ly te  a t  the anode were observed to  s t r a t i f y  a t  the  
d isp lacem en t lo o p s . The c u rre n t d e n s ity  was about 85 raillaraps p e r  sq,cm .
The frequency o f  the p ro g re ss iv e  waves used by Hovorka, Penn and Yeager was 
about 1,000 k c .p .s .  a t  an in t e n s i ty  o f  5 w a tts  p e r  sq.cm . The e l e c t r o ly te  
was 0 .5  M copper su lp h a te  s o lu tio n  and th e  c u r re n t d e n s ity  used in  th e  
e l e c t r o ly s i s  experim ents was about 65 m illiam ps p e r  sq .cm ., a t  a  
tem peratu re  o f  25°C. Under th e se  c o n d itio n s , c a v i ta t io n  was produced in  th e  
e l e c t r o ly te .  The a u th o rs  concluded th a t  th e  e f f e c t iv e  th ic k n e s s  o f  th e
boundary la y e r  a t  th e  cathode i s  reduced from 10 ^ cm. w ith  n a tu ra l
“ 3 . .convection  to 10 cm. w ith  u l t r a s o n ic  waves as  w ell a s  w ith  o rd in a ry
s t i r r i n g ,  b u t th a t  u l t r a s o n ic  waves " a re  somewhat more e f f e c t iv e  in  
d is ru p tin g  th e  boundary la y e r  than  v igorous conven tional fo rced  convection  
under th e  co n d itio n s  invo lved  in  th e  p re s e n t  ex p erim en ts" . They a re ,  
however, c a re fu l to  p o in t  o u t th a t  th e  q u a n t i ta t iv e  s ig n if ic a n c e  o f  t h e i r  
d a ta  should n o t be over-em phasised s in ce  th e  r e s o lu t io n  o f  th e  S c h lie re n  
m icroscope i s  s e r io u s ly  l im ite d  by o p t ic a l  d i f f r a c t io n  e ffec t^  and 
"p robab ly  n o t much b e t t e r  than  10”^ cm".
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The d is ru p tio n  o f  c o n c e n tra tio n  g ra d ie n ts  p ro b ab ly  in v o lv es  
th re e  f a c to r s ;  ( i )  a c o u s tic  s tream in g  in  the  bu lk  o f  th e  s o lu t io n ;
( i i )  r a d ia t io n  p re s su re  and o th e r  second o rd e r  in t e r a c t io n s  w ith  the  
co n c e n tra tio n  g ra d ie n t;  ( i i i )  c a v i ta t io n  e f f e c t s .  Hovorka, Penn and 
Yeager co n sid e r c a v i ta t io n  e f f e c t s  to  be most im p o rtan t in  e f f e c t in g  the 
d is ru p tio n  o f  co n c e n tra tio n  g ra d ie n ts .
R ecen tly , W.E. Rowe, and W.L. Nyborg^^^^ have s tu d ie d  th e  e f f e c t  o f  
lo c a l is e d  sound on an e le c tro d e  re a c t io n  and they  observed  th a t  th e  r a t e  
o f  the  re a c tio n  in c re a se d  a p p re c ia b ly  under th e  in f lu e n c e  o f  th e  u l t r a s o n ic  
v ib ra t io n s .  They a re  o f  th e  o p in io n  th a t  the  u l t r a s o n ic  v ib r a t io n s  in  
t h e i r  experim en tal system  cause a  d ecrease  in  th e  average th ic k n e s s  o f  
th e  d iffu s io n -c o n v e c tio n  la y e r  a t  the  e l e c t r o d e - e le c t r o ly te  in t e r f a c e ,  so 
th a t  the  r a te  o f  r e a c tio n  i s  in c re a se d .
(45)AoA. Baram and O.A. Kokushkin have r e c e n t ly  s tu d ie d  th e  e f f e c t  
o f  com paratively  low frequency (22  k c .p . s . )  u l t r a s o n ic  waves on the  
d is s o lu t io n  o f  sm all c y l in d r ic a l  t a b l e t s  o f  benzo ic ac id  in  d i s t i l l e d  w a te r . 
They found th a t  the d is s o lu t io n  o f  the ac id  was a c c e le ra te d  co n s id e ra b ly  
more by the  con tinous a c t io n  o f  u ltra so u n d  than  by m echanical s t i r r i n g  
e f fe c te d  by r o ta t in g  from th re e  to  f iv e  t a b l e t s  on a  s p e c ia l  rod r o ta t in g  
a t  400 rp .m . in  450 c .c .  o f  d i s t i l l e d  w a te r. The d is s o lu t io n  r a t e  in c re a se d  
approxim ately  e ig h tfo ld .  Baram and Kokushkin a lso  found th a t  th e  r a t e s  
o f d is s o lu t io n  o f  the  ac id  in  the  v ib r a t io n  nodes and a n tin o d e s  o f  th e  • 
s tan d in g  u l t r a s o n ic  wave system which they  used a re  v i r t u a l l y  e q u a l.
They conclude th a t  the in t e n s i f i c a t io n  o f  mass t r a n s f e r  p ro c e s se s  under 
th e se  co n d itio n s  i s  due to  the fo rm ation  o f  sm all s c a le  hydrodynamic 
stream s o f  h ig h  v e lo c i t i e s  which cause the  c o n v e c tiv e -d if fu s io n  la y e r  
a t  the  in te r f a c e  to  become very  tu rb u le n t ,  and th e reb y  in c re a se  th e  number 
o f  p u ls a t io n s  p e n e tra t in g  to  th e  su rfa c e  o f  the  s o l id .  I t  i s  notew orthy 
th a t  s e v e ra l in v e s t ig a to r s  have observed in te n se  m icrostream s o f  
l iq u id  media a t  th e  s o l id - l iq u id  in t e r f a c e .
25.
SECTION I I
P r a c t ic a l  S ec tio n
11(a) P re lim in a ry  Work on the React i on Between Magnesium and 
Hy d ro c h lo r ic  Acid.
The magnesium used in  the  experim en ta l work was purchased  from
Magneson E le k tro n  L td .,  and had a  p u r i ty  o f  99 -9^ . In  a l l  o f  th e  r e a c t io n s
c a r r ie d  ou t the  magnesium was in  the  form o f  c y l in d e r s .  The d iam ete r o f
the  sm a lle s t c y lin d e rs  was about 1 cm ., w hile  the  l a r g e s t  c y l in d e r  used
had a  d iam eter o f  about 7 ,6  cm. Most c y lin d e rs  had a  le n g th s  o f  abou t
4 cm., b u t a  few o f  the  l a r g e r  ones were about 2 cm, lo n g . Each 4 cm.
long  c y lin d e r  had a  c i r c u la r  h o le  abou[ 2 cm. deep and 0 .5  cm. wide tapped
a t  one end w ith  a  W hitworth 30 th rea d  to  re c e iv e  the  end o f  th e  s t i r r i n g
s h a f t ,  th e  end o f  which had been machined to  produce the  same th re a d .
For the 2 cm. long  c y lin d e rs  th e  depth  o f  the ho le  was about 1 cm.
Those p a r t s  o f  the  c y lin d e r  su rfa c e  which i t  was n o t d e s ire d  to
expose to  a t ta c k  by a c id s  were p ro te c te d  by co llo d io n  f l e x i l e .  A
s o lu tio n  o f  co llo d io n  was c a re fu l ly  smeared on the  magnesium su rfa c e  to  be
p ro te c te d  and the c y lin d e r , r e s t in g  on a w atch g la s s ,  was l e f t  to  dry  fo r
10-20 m inutes in  an e l e c t r i c  oven.-. The c y lin d e r  was then  tak en  o u t o f  the
oven, allow ed to  cool in  th e  a i r  fo r  a tim e, and then  in  a d e s ic c a to r
u n t i l  i t  had reached room tem p era tu re . I t  was then  w eighed, re p la c e d
in  the oven fo r  a f u r th e r  10 m inutes o r so , removed to  cool as  b e fo re ,
and rew eighed. T his procedure was re p e a te d  u n t i l  th e  w eight o f  th e
c y lin d e r  had a t ta in e d  a  co n s tan t v a lu e .
For some experim ents the  s u r fa c e s  to  be exposed to  a t ta c k  by ac id
were p o lish e d  beforehand w ith  f in e  emery p a p e r . In  some cases  th e  
c
C ylinder su rfa c e s  were t r e a te d  w ith  d i l u t e  a c id  s o lu tio n s  ( a c e t ic  o r  
h y d ro ch lo ric  a c id s )  fo r  a s h o r t  w h ile , washed w ith  d i s t i l l e d  w a te r, and 
then  th e  c y lin d e rs  were d r ie d  to  c o n s ta n t w e i ^ t  in  an oven. For some
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experim en ts, however, the  magnesium s u r fa c e s  to  be exposed to  a c id  
a t ta c k  rece iv ed  no p r io r  tre a tm e n t.
Two methods were used to  fo llow  th e  r e a c t io n s  between th e  magnesium 
and the  a c id  s o lu t io n s .  These were (a) by w e ig h t- lo s s  d e te rm in a tio n s , and
(b) by n o tin g  the  volume o f  hydrogen gas evo lved . In  the w e ig h t- lo s s  
method, i t  was sim ply n ecessa ry  to  weigh the  magnesium c y lin d e r  b e fo re  and 
a f t e r  immersing i t  in  the  ac id  s o lu tio n  fo r  a  known p e r io d  o f  tim e . The
c y lin d e r  had o f  course to  be thorough ly  washed w ith  d i s t i l l e d  w a te r a f t e r
removal from the  re a c tio n  v e s s e l ,  then  d r ie d  and cooled to  room 
tem peratu re  b efo re  rew eighing  i t .  Using method (b ) ,  th e  volume o f  gas evolved 
in  the  re a c tio n  was read  o f f  a t  d e f in i te  in t e r v a ls  by th e  use o f  a  gas 
b u re tte  connected to  the  r e a c t io n  v e s s e l .  I t  was n ecessa ry  to  determ ine 
bo th  the  atm ospheric  p re s su re  and the  tem peratu re  o f  th e  c o l le c te d  gas in  
o rd e r  to  c a lc u la te  the  volume o f  hydrogen th a t  could th e o r e t i c a l ly  be 
produced, under th e se  c o n d itio n s , i f  a l l  the  a c id  were used up.
F igure  2 shows th e  se t-u p  o f  th e  a p p a ra tu s  fo r  a  gas-volum e
d e te rm in a tio n . The re a c tio n  v e s s e l A was a 500 c„c . g la s s  c o n ica l f la s k
w ith  a  s id e  tube E. A c i r c u la r  p ie c e  7 cm. in  d iam ete r had been cu t
c e n t r a l ly  from the  base o f  t h i s  f la s k  and s la b s  o r  membranes C o f  s u i ta b le
m a te r ia l  could then  be p laced  a c ro s s  the  c i r c u la r  opening and clamped in
p o s i t io n  by the s p e c ia l  clamp B, T his arrangem ent was to  allow  fo r
experim ents in v o lv in g  the  use o f  u l t r a s o n ic  waves. The gas produced d u rin g
the r e a c t io n  was le d  to  a  gas b u re t te  J  surrounded by a  w a te r  ja c k e t  K.
This b u re t te  was g raduated  in  d iv is io n s  o f  0 .1  c . c . ,  from 0 to  100 c .c .
Water was pumped through K from th e  th e rm o sta t D, and th e  tem pera tu re  o f
th i s  w ater could be read  on the therm om eter L« G was a  three-w ay  tap
in  the  connecting  tube between J  and A, the  tube hav ing  an in t e r n a l
d iam ete r o f  about 6 m.m. The s t i r r e r  s h a f t  was d riv e n  by a  m otor H, the  
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o f  a  screw . The tachom eter I ,  which r e g is t e r e d  th e  number o f  re v o lu t io n s  
perform ed p e r  m inute by th e  cy lin d e r, was connected to  N by a  p u lle y  
arrangem ent. F was an e f f i c i e n t  mercury s e a l .  The volume o f  gas c o l le c te d  
was always measured a t  a tm ospheric  p re s s u re ,  and f o r  l e v e l l i n g  pu rp o ses  
th e  r e s e r v o ir  R could be moved up o r  down, b e ing  connected to  th e  gas b u re t te
by a  f le x ib le  ru b b er tube T.
In  many o f  th e  w e ig h t- lo s s  d e te rm in a tio n s  th e  r e a c t io n  v e s s e ls  were
open b eakers s u i ta b ly  p la ced  in  th e  th e rm o s ta t.  A 5 ,000 c . c .  g la s s  beak er 
was used in  some o f  the  experim ents th a t  invo lved  th e  use o f  3 iOOO c .c .  o f  
ac id  s o lu tio n ,  w hile  a  much s m a lle r , 600 c . c .  g la s s  beaker was used when 
th e  volume o f  a c id  was 400 c .c .  o r  l e s s .  Some experim ents n e c e s s i ta te d  the  
use o f  h y d ro c h lo ric  a c id  in  th e  c o n c e n tra tio n  range o f  1 to  3 N, and th e  
re a c t io n  between a c id  o f  t h i s  c o n c e n tra tio n  and th e  magnesium evolved 
co n sid e ra b le  h e a t .  C onsequently in  o rd e r  to  m a in ta in  c o n d itio n s  a s  n ea r  
iso th e rm a l a s  p o s s ib le ,  a  la rg e  10,000  c . c .  c y l in d r ic a l  s t a i n l e s s  s t e e l  
bucket was used : the  m etal w a lls  o f  th e  r e a c t io n  v e s s e l  ensured  a  ra p id  flow o f 
h e a t  from the  a c id  s o lu tio n  to  th e  c o o le r  w ate r su rro u n d in g  th e  s t e e l  bucket»
At l e a s t  3*000 c .c .  o f  a c id  was p la ced  in  t h i s  v e s s e l a t  any one tim e . From 
tim e to  tim e d u rin g  an experim ent w ith  th e  s t e e l  v e s s e l ic e d  w a te r was poured 
in to  the  th e rm o sta t to  m inim ise th e  r i s e  in  tem pera tu re  due to  th e  r e a c t io n  
between the  magnesium and ac id  s o lu t io n .
The u l t r a s o n ic  g e n e ra to r  used in  t h i s  in v e s t ig a t io n  was a  type 125FF, 
purchased  from M acrosonics C o rp o ra tio n , o f  New J e rs e y , U .S.A . I t  was worked 
o f f  a  one phase 120 v o l t s  A.C. supply  a t  6o c y c le s /s e c . ,  and had a  maximum 
average a c o u s tic  power o u tp u t o f  25 w a tts .  The nominal u l t r a s o n ic  frequency  
o f  th e  g e n e ra to r  was 000 k i lo c y c le s / s e c .  U ltra s o n ic  waves were tra n s m itte d  
t h r o u ^  a  l i q u id  medium a s  a  r e s u l t  o f  the  v ib r a t io n s  o f  th e  tra n s d u c e r  d is c  
o f  d iam ete r 1.95 cm., housed in  a c y l in d r ic a l  s t a i n l e s s  s t e e l  u n i t ,  th e  
dim ensions o f  which a re  shown in  F ig u re  3* T his tra n s d u c e r  u n i t  was 
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11(b) Methods o f  Expressing R esu lts
(^7)I t  has been found by experiment th a t, for  a f ix ed  volume o f  
so lu tio n  and constant apparent area o f  the s o lid  su rface, many 
heterogeneous reac tio n s fo llow  a f i r s t  order ra te  law:
.. -  I r  = k '[ c ]  ............ (1)dt
where c i s  the concentration  in  su ita b le  u n its  o f  the rea c tin g  so lu te
and k* i s  the rate constant for  a g iven  volume and given apparent surface
area. The value o f  k ’ v a r ie s  from rea c tio n  to rea c tio n  and i s  a lso
( 39)
temperature dependent. K ilp atrick  and Rushton made a d e ta iled
experim ental study o f  the e f f e c t  o f  varying the volume o f  so lu tio n  and
the surface area o f  s o lid  on the ra te  o f  the rea ctio n  between the curved
surface o f  magnesium cy lin ders and d ilu te  hydrochloric acid  a t  25°C.
dcThey found that the rate ( -  was d ir e c t ly  proportional to the apparent 
surface area A and in v erse ly  proportional to the volume V o f  the hydrochloric  
acid  so lu tio n . Therefore the ra te  equation can now be expressed as
-  I f  = k A [c ]    (2 ) ,
where k ’ o f  equation (1) and k o f  equation (2) are re la ted  by the
r e la tio n sh ip  k' = kA. The constant k i s  known as the ra te  constant per
V
u n it area a t  u n it volume, or simply as the u n it ra te  constant. In 
chemical engineering terminology i t  i s  freq u en tly  referred  to as the 
c o e f f ic ie n t  o f  transport.
In order to obtain  an in tegra ted  ra te  expression  for f i r s t  order 
heterogeneous reaction s between s o l id s  and liq u id  reagents, i t  i s  necessary  
to in teg ra te  equation (2 ) .  This i s  e a s i ly  done by the method o f  separation  
o f  v a r ia b le s . Choosing our l im it s  o f  in teg ra tio n  as the concentratiom c
o
o f so lu te  a t  the commencement o f  rea c tio n  ( t  = o) and the concentration  c^
31.
o f  s o lu te  a t  a time t  a f t e r  commencement o f  r e a c t io n ,  we have:
d t
'.'O
c,1.00 r  1 t A
%
o r lo g  c^ /c^  = k t (3 )
For the experim ents d esc rib e d  h e re  we have to  r e l a t e  the  volume 
o f hydrogen l i b e r a te d ,  o r  the  lo s s  in  w e i ^ t  o f  th e  c y lin d e rs , to  the  
c o n c e n tra tio n s  c^ and c^ in  eq u a tio n  (3) in  o rd e r  to  check the form o f 
the  r a te  eq u a tio n  and to  c a lc u la te  th e  r a t e  c o n s ta n ts -  % i s  can be done 
because c^ i s  d i r e c t ly  p ro p o r tio n a l to  H^, th e  volume o f  hydrogen gas which 
would be produced under the  c o n d itio n s  o f  th e  experim ent i f  a l l  the ac id  
were used up, and c^ i s  d i r e c t ly  p ro p o r tio n a l  to  where i s  th e
volume o f  hydrogen l ib e r a te d  in  time t  a f t e r  th e  commencement o f  the 
r e a c t io n .  D ev ia tio n s  from the  sim ple gas law s may be n eg lec te d  a t  p re s su re s  
near a tm ospheric  and a t  a  tem peratu re  o f  25°C, so th a t  d i r e c t  
p ro p o r t io n a l i ty  between ac id  c o n c e n tra tio n  and gas volume can be assumed. 
T herefo re  we can re w r ite  eq u a tio n  (3 ) ;
jj
lo g  __o____  = kA
H -H. T '  ............o t I
In  the  case o f  a w e ig h t- lo s s  d e te rm in a tio n , the  i n i t i a l  
c o n c e n tra tio n  c^ o f  ac id  i s  d i r e c t l y  p ro p o r tio n a l to  the amount a 
o f  magnesium which would d is so lv e  i f  a l l  th e  ac id  were used up. (C.V.King 
c a l l s  t h i s  the  s o lu tio n  cap a c ity  o f  th e  ac id )  w hile  c^ i s  d i r e c t ly  
p ro p o r tio n a l to  a -x , where x i s  the  amount o f  magnesium th a t  has d is so lv e d
32.
in  a  tim e t  from the  commencement o f  the  r e a c t io n .  T here fo re  we have:
lo g  ^   ^ f . t ............................................................ ............ (5)
When a s e r ie s  o f  volume m easurements i s  a v a i la b le  fo r  a given 
k in e t ic  run , we can t e s t  the  r e a c t io n  fo r  f i r s t  o rd e r  k in e t ic s  by 
re a rra n g in g  eq u a tio n  (4) to  give log^^CH^-H^) = log^^H^ -  
and hence p lo t t in g  log^^CH^-H^) v a lu es  a s  o rd in a te s  againsit v a lu es  o f  
t  a s  a b s c is s a e . I f  the r e a c t io n  i s  o f  th e  f i r s t  o rd e r , the  p o in ts  
should l i e  on a s t r a ig h t  l i n e  w ith  a  n e g a tiv e  s lope equal to  ■■■ — ■ .t
and an in te r c e p t  on the  y -a x is  equal to  log^^H^. I f  the  num erical value 
o f  the  slope i s  m, then
k = ...........  (6) ,
an eq u a tio n  th a t  en ab les  us to  c a lc u la te  th e  u n i t  r a te  c o n s ta n t . A s im ila r  
trea tm e n t to  th a t  a p p lie d  to  eq u a tio n  (4) can be a p p lie d  to  eq u a tio n  (5 ) .
35.
I I ( c) Experiment  to  Determ ine th e  O rder o f  the  R eac tion  W tween
Magnesium and Dilu t e  Hyd ro ch lo r i c  Acid  a t  2 3 .4°C.
The experim en tal se t-u p  o f  F igu re  1 was used fo r  th e  experim en t. 
K ilp a tr ic k  and Rushton^^^^ have shown th a t  no gas o th e r  than  hydrogen 
i s  produced in  the  re a c tio n  between d i lu te  h y d ro c h lo ric  a c id  and magnesium, 
300 c .c .  Of 0.03345  N HCl were p ip e t te d  in to  the co n ica l r e a c t io n  v e s s e l ,  
which had been t h o r o u ^ y  cleaned  and d r ie d  befo rehand . A magnesium 
cy lin d e r  o f  le n g th  3.95 cm. and mean d iam ete r o f  I .981 cm. was u sed . 
Measurements o f  th e  d iam ete r were tak en  a t  s ix  p la c e s ,  two n e a r  each end 
o f the  c y lin d e r , and two n ea r i t s  m iddle, by means o f  a  m icrom eter gauge. 
The c y lin d e r , rev o lv in g  a t  a speed o f  200 re v o lu t io n s  p e r  m inu te, was 
qu ick ly  low ered in to  the  ac id  and a  s to p  c lock  s im u ltan eo u sly  s t a r t e d .  
Readings o f  volume on the  gas b u re t te  were tak en  a t  one m inute in t e r v a l s
fo r  15 m inu tes . Care was c o n tin u a lly  tak en  to  ensure th a t  th e  c y lin d e r
ro ta te d  a t  200 r .p .m . by c o n tro l l in g  th e  e l e c t r i c  m otor. At th e  end o f  
t h i s  time th e  c y lin d e r  was q u ick ly  removed from th e  r e a c t io n  v e s s e l ,  
washed w ith  d i s t i l l e d  w ate r, then  d r ie d  in  re a d in e s s  f o r  a  f u r th e r  
experim ent. The p re ssu re  o f  the  atm osphere was reco rd ed .
V alues o f  time and volume o f  hydrogen c o l le c te d  a re  reco rded  in
Table 1. I t  w i l l  be n o tic e d  th a t  th e  volume a t  zero  tim e i s  n o t 0 bu t 
1 .2  c .c .  A lthough the  l e v e ls  o f  the  d i s t i l l e d  w ate r in  th e  gas b u re t te  
were o p p o site  th e  zero volume mark b e fo re  th e  c y lin d e r  was low ered in to  
th e  a c id , th e re  was a c e r ta in  com pression e f f e c t  when the  c y lin d e r  was 
qu ick ly  low ered in to  p o s i t io n ,  w ith  th e  consequence tfeat th e  le v e l  o f  
w ater in  the  r ig h t  hand lim b o f  the  b u r e t te  ( c . f .  F ig u re  2) was somewhat 
d ep ressed . A p re lim in a ry  t e s t ,  w ith  300 c .c .  o f  w ate r in s te a d  o f  a c id  in  
the  re a c tio n  f la s k  and a  c y lin d e r  o f  the  same dim ensions a s  the  one used
34.
in  the experim ent, showed th a t  th e  w a te r m en isc i, upon ad ju stm en t o f  the 
h e ig h t o f  the  r e s e r v o ir  R,became le v e l  ag a in  o p p o s ite  th e  1 .2  c .c .  mark 
on the  b u r e t t e .  T here fo re  th e  ze ro -tim e  volume was 1 .2  c .c .
Table 1














13 5 0 .6
14 53.4
15 56.1
D e ta i ls  o f  th e  c a lc u la t io n  o f  th e  volume o f  hydrogen th a t  would
be produced i f  a l l  the  a c id  were used up a re  a s  fo llo w s:
E xhaustion  o f  300 c .c .  o f  0.03345 M HCl would y ie ld  
(0 .5  X 0,03345  X 2 2 ,4 i4 ) /2  c . c .  o f  a t  8 .T .P .
35.
In  the  experim ent d e sc rib e d  T = 298.6° Abs. and th e  a tm ospheric
p re s su re  was 770.0  m.m. o f  m ercury. The p re s su re  due to  th e  hydrogen gas
i s  the  measured a tm ospheric  p re s su re  l e s s  th e  p re s su re  o f  th e  s a tu r a te d
w ate r vapour in  th e  enclosed  sp ace . The p re s s u re  o f  s a tu ra te d  w ate r
vapour a t  25.4°C i s  2 4 .3  m.m. o f  m ercury, so th e  a c tu a l  p re s s u re  o f  th e
hydrogen = 745.7 m.m. M u ltip ly in g  th e  S .T .P , volume a p p ro p r ia te ly  we
deduce th a t  th e  ap p aren t value o f  i s  125*3 c .c .
As the  volume increm en ts d u rin g  th e  f i r s t  few m inutes o f  th e se
re a c tio n s  do no t d ecrease  s te a d i ly ,  i t  was decided  to  ta k e , in  t h i s  case ,
as  ou r s t a r t i n g  p o in t  fo r  the  purpose o f  c a lc u la t in g  th e  volume a t  fo u r
m in u tes . T here fo re  H = 125*3 “ (2 0 .0  -  1 .2 ) = 106.5 c .c .  T able 2 g iv eso
the  v a lu es  o f  log^^^CH^-H^) which a re  needed to  t e s t  f o r  f i r s t  o rd e r  k in e t i c s .
Table 2
( c .c . ) H -H. 0 t t  (m inu tes)
3 .9 102.6 2.0111 1
7 .8 98.7 1.9943 2
11.4 95-1 1*9782 3
14.9 91*6 1.9619 4
18.2 88 .3 1.9460 5
21.5 85 .0 1.9294 6
24 .6 81.9 1*9133 7
27.7 78 .8 1.8965 8
30.6 75*9 1.8802 9
33.4 73.1 1.8639 10
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The va lu es o f  as ord in a tes are p lo tte d  a g a in st the
corre^ onding values o f  t  as a b sc issa e  in  Figure 4 .  The s tr a ig h t  l in e  
graph obtained shows th at the rea c tio n  between magnesium and 0.03345 M 
hydrochloric acid  i s  o f  the f i r s t  order in  acid  concentration , over 4C^  
o f  the rea c tio n  a t  l e a s t .  I f  we denote the numerical value o f  the slope  
by m,
m = 0 . 0164, and from equation (6 ) ,  S ection  11(b)
, 2.303  X 300 X 0.0164
^  "■ 2 4 3 5
= 0.461 cm/min.
= 0.00768 cm /sec.
A s im ila r  experiment w ith a cy lin d er  o f  mean diam eter 1.926 cm. in  
300 c .c .  o f  0.03295 M hydrochloric acid  was performed a t  25. 4^0 and a speed  
o f  200 r.p .m . The pressure o f  the atmosphere was 768.6  m.m. o f  mercury. The 
data c o lle c te d  in  t h is  experiment are presented  in  Tables 3 smd 4 .  For th is  
experiment the apparent value o f  = 123*7 c .c .
I t  was decided to take as the s ta r t in g  p o in t to r  the purpose o f  
ca lcu la tin g  the volume a t  1 m inute. Therefore = 123*7 -  3*7 = 120.0  c .c ,  
and log^^H^ = 2 . 0792. The graph o f  Figure 5 obtained by p lo t t in g  
log^^(H^-H^) versus t  shows th a t the rea c tio n  i s  again  o f  the f i r s t  order  
over about 40^ o f  to ta l  r ea c tio n . From the graph, the slop e o f  the s tr a ig h t  
l in e  part = -  0 . 0 l 64 ,
whence k = 0.474  cm/min.
= 0.00790 cm /sec.
Table 3
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( c . c . ) Ho-»t t  (mini
5 .0 115.0 2.0603 1
9.1 110,9 2.0445 2
13.1 106.9 2.0286 3
19.0 101,0 2,0039 4.5
20.9 99.1 1.9956 5
24.3 95.7 1.9805 6
27.7 92 .3 1.9647 7
31.1 88.9 1.9434 8
34.3 85.7 1.9325 9
37.5 82.5 1.9159 10
40.8 79 .2 1.8982 11
44.0 76 .0 1.8802 12
46.9 73.1 1.8633 13
49.9 70.1 1.8451 14
52.5 67.5 1.8287 15
55.3 64.7 1.8102 16
58.1 61 .9 1.7910 17
60.7 5 9 .3 1.7723 18
63 .3 56 .7 1.7528 19
The agreement between the ra te  con stants for  th ese  two experim ents 
seems sa t is fa c to r y  (w ith in  2 , 1/ 2^ ) .  The s l ig h t  d iffe r e n c e s  between the 
diam eters o f  the two cy lin d ers and the concentrations o f  the hydroch loric  
acid  so lu tio n s  used in  the experim ents are considered not to a f f e c t  the 
values o f  the constants to any s ig n if ic a n t  e x te n t .
41.
11(d) C orrelation  o f  the Methods o f  A nalysis
Gail d ila t io n s  o f  rate constants have sometimes been based upon 
measurements o f  volume o f  hydrogen evolved and in  o th er cases on measurements 
o f  w eight o f  magnesium d isso lv e d . I t  i s  d esira b le  to show whether or not 
these two kinds o f  observation  lead  to s im ila r  q u a n tita tiv e  con c lu sio n s.
For th is  purpose the apparatus shown in  F ig . 2 was used. In each 
experiment a magnesium cy lin der was rotated  in  a so lu tio n  o f  a c er ta in  acid  
o f  known concentration . At a d e f in it e  time the volume o f  hydrogen 
evolved was noted, and the cy lin d er  was immediately removed from the a c id , 
washed w ith  d i s t i l l e d  water and dried to constant w eight. Table 5 records 
the r e s u lt s  o f  a s e le c t io n  o f  such experim ents, u sing (A) a c e t ic  acid;





l o s s  (g)
Vol.(BL)
(c .c )^






d isso lv ed
X 10^
A. 0.105 0.0794 7 7 .0 25.0 761.85 3.06 3 .26
0.105 0.0894 92 .8 25 .0 758 .3 3.67 3 .68
0.105 0.0960 9 7 .4 25.0 758.8 3.85 3 .95
0 .026 0.0702 74.9 25 .0 757.8 2 .96 2 .89
0.026 0.0585 61.1 25 .0 758.8 2 .42 2.41
0 .026 0.0465 49.6 25 .0 761.0 1.97 1.91
0.026 0.0640 66.9 25.0 760.0 2 .65 2 .6 3
0.026 0.0851 85.8 25.0 760.0 3.40 3 .50  i
B. 0.025 0.0543 59 .9 25 .0 752.65 2 .35 2 .2 3
0.025 0.0658 68.5 2 5 .0 751.0 2 .68 2.71
0.025 0.0656 67 .3 25 .0 . 749.6 2 .6 3 2 .70
c . 0.0659 0.0064 6 .3 25.5 763.0 0.25 0 .2 6
0.0659 0.0070 7 .2 25 .5 763.0 0 .29 0 .2 9
0.0659 0.0066 6 .2 25.5 764.0 0 .25 0.27
42.
The mean value o f  the r a t io  o f  the f ig u r e s  in  C ol. 7 to those in  
Col. 6 i s  1.00  ( 8 ) .  This agreement i s  s a t is fa c to r y , and the array o f  
r e s u lt s  a lso  g iv es  some in d ica tio n  o f  the r e l ia b i l i t y  o f  ra te  constants  
based upon a s in g le  ob servation .
Further demonstration th a t the two experim ental methods measure 
the same quantity  i s  obtained by comparing ra te  constants obtained by 
the two methods from com pletely separate experiments performed under 
the same co n d itio n s . Two s e r ie s  o f  runs (carr ied  out e ig ^ t months apart) 
were made in  which only the low er ends o f  magnesium cy lin d ers o f  diam eter
2.00 cm were exposed when ro ta ted  a t  200 r .p .m . in  300 c . c .  o f  0.0659  M 
hydrochloric acid  a t  25«5°C. F ive runs made observing volume measurements 
gave an average rate constant o f  0 .66  cm/min; whereas ( c f .  Table 30) the  
mean value o f  k from nine experiments based on w e i^ t  lo s s e s  was 0 .69  cm/min.
I t  was a lso  f e l t  necessary to compare w eight lo s s e s  from magnesium 
cy lin d ers  w ith  the corresponding changes in  the dimensions o f  the cy lin ders#  
F ir s t ly  th is  checks whether the co llod ion -covered  p arts  o f  the ro tor  are 
immune from a tta ck , and secondly i t  enab les one to  in v e s t ig a te  whether 
cy lin d ers r e ta in  th e ir  general r ig h t-c y lin d r ic a l shape and hence whether 
the true surface areas remain, approximately a t  l e a s t ,  the apparent geom etrical 
a reas.
Concerning the f i r s t  o b je c t iv e , sev era l sca ttered  experim ents were 
performed in  which cy lin d ers o f  len g th  3*95 cm, were rotated  in  hydroch loric  
acid  under a v a r ie ty  o f  con d ition s o f  angular v e lo c ity ,  acid  concentration , 
temperature, and cy lin d er rad iu s. Losses in  w e i^ t ,  and i n i t i a l  and f in a l  
dimensions o f  the cy lin d ers were measured. These cy lin d ers a l l  had only  
the curved surface exposed, and in each case s ix  standardised  c a lip e r  
measurements were made o f  the diam eters before and a f te r  the experim ent.
45-
The observations are c o lle c te d  in  Table 6 . The c o rr e la tio n  between 
Cols# 6 and 7 shows th at a ttack  did not take p lace  on the f l a t  p rotected  
su r fa ces .
Concerning the second p o in t mentioned above, in  a ty p ic a l experiment 
in v o lv in g  a la rg e  w eight lo s s  ( 3*7463 g) the s ix  measured diam eters a lter ed  
from an i n i t i a l  1.934 -  0 .011 cm to a f in a l  value o f  1.731 “ 0.014  cm. 
Attack was thus unifonn along the cy lin d er and there was no s ig n if ic a n t  









lo s s  (g) 
c a lc .
Weight 
lo s s  (g) 
obs.
1.166 23.3 1000 2.001 1.874 2 .68 2.6647
1.166 25.5 1000 1.874 1.793 1 .62 1.6722
1.166 25.5 1000 1.793 1.713 1.53 1.4899
1.166 25*5 1000 1.713 1.643 1.28 1.2924
1.166 25.5 1000 1.643 1.578 1. l 4 1.1389
1.166 25.5 1000 1.578 1.516 1.04 1.0009
1.450 4.0 4000 2 .000 1.923 1.64 1.6524
2.852 25.5 1000 1.914 1.760 3.08 5.3518
2.852 15.0 1000 1.923 1.760 3 .26 3.3692
2.852 14.0 4000 1.931 1.753 3.57 3.7463
44.
11(e) Experim ents to  Determine the  Tem perature C o e f f ic ie n t  o f
R eac tio n  between D ilu te  h y d ro c h lo ric  Acid and Magnesium,
A s e r ie s  o f  seven experim ents was c a r r ie d  o u t, th re e  o f  them a t  a 
tem peratu re  o f  25»4°C, a p a i r  a t  35«4^C and a p a i r  a t  44,2°C . The 
experim en tal se t-u p  o f  F igure  2 was used , the volume o f  d i l u te  h y d ro c h lo r ic  
ac id  in  the  re a c t io n  f la s k  be ing  300 c .c .  in  every experim en t. There was 
a s l i g h t  v a r ia t io n  in  the  i n i t i a l  d ia m ete rs  o f  the c y lin d e rs  in  t h i s  s e r ie s  
o f  experim en ts, am ounting to  about 2 .1 /2 ^  between the  s m a lle s t  and l a r g e s t  
d iam ete rs  (see  Table 8 ) .  Also i t  w i l l  be n o tic e d  in  th e  same ta b le  th a t  
the  c o n c e n tra tio n  o f  the  ac id  in  th e  f i r s t  th re e  experim ents v/as about 
1.1/2% h ig h e r  than  the c o n c e n tra tio n  o f  th e  ac id  in  th e  l a s t  fo u r 
experim en ts. In  each experim ent the  c y lin d e r  was ro ta te d  a t  320 rp .m .
The volumes o f  hydrogen gas c o l le c te d  a t  the  co rrespond ing  tim es 
from th e  s t a r t  o f  the experim ent a re  reco rded  in Table 7, which a lso  shows 
the  tem pera tu re  o f the  re a c tio n  and the  atm ospheric  p re s su re  in  each 
experim en t. As p re v io u s ly  e x p la in ed , the  read in g  on th e  gas b u re t te  a t  zero 
time was 1 .2  c .c .  The same method o f  e x p re ss in g  th e  r e s u l t s  as  was used 
in  th e  p re v io u s  s e c tio n  was adopted w ith  th e  d a ta  o f  th e se  seven 
experim en ts, and th e  log^^CH^-H^) v e rsu s  t  p lo t s  a re  shown in  F ig u re s  6 
to  12. Each one o f  the  seven graphs shows an i n i t i a l  s t r a i g h t  p a r t  
fo llow ed by a  downward curve, which shows th a t  th e  r e a c t io n  in  the  l a t e r  
s ta g e s  i s  p roceed ing  f a s t e r  than  expected  from the  slope  o f  th e  i n i t i a l  
s t r a i g h t  p a r t .  The s t r a i g h t  l i n e  drawn in  each f ig u re  p a s se s  th rough  
the th e o re t ic a l  f i r s t  o rd e r  in te r c e p t ,  log^^H^, fo r  a  f i r s t  o rd e r  r e a c t io n .  
The f i r s t  o rd e r  r a te  c o n s ta n ts  k a re  c a lc u la te d  from th e  s lo p e s  o f  th e se  
s t r a ig h t  l i n e s ,  and the  ^ u e s  a re  reco rded  in  Table 8 . In  th e  th i r d  column 
o f Table 9 a re  reco rded  the  average v a lu es  o f  the r a te  c o n s ta n ts  a t  each 
o f the  th re e  te m p era tu re s .
45.
The v a lu es  o f  the  tem peratu re  c o e f f i c ie n t  o f  th e  m agnesium /d ilu te  






The d a ta  o f  Table 9 were a ls o  used to  produce an A rrhen iu s p lo t ,
*  1 /v a lu es  o f  2 + lo g ^ .k  b e ing  p lo t te d  a g a in s t  th e  co rrespond ing  v a lu e s  o f  /T ,lO
The r e s u l t  i s  shown in  F igure  13. From th e  A rrhen iu s  eq u a tio n , 
we have upon ta k in g  lo g a rith m s:
loglO ^ “ 2 . 303RT
N um erically  the  slope m o f  th e  s t r a i g h t  l i n e  o b ta in ed  by p lo t t i n g  
log^^k* v e rsu s  V t  i s  equal to  ^ /2 .3 0 3 R . From F ig u re  13, m = -  911 whence 
E = 4 .1  (7 ) k i l o c a lo r i e s  p e r  m ole.
I t  w i l l  be n o tic e d  th a t  th e  value o f  th e  tem pera tu re  c o Æ ic ie n t  
aYiot hence o f  th e  a c t iv a t io n  energy f o r  th e  re a c t io n  between magnesium and 
th e  d i lu te  h y d ro c h lo ric  ac id  j u s t  c a lc u la te d  a re  ty p ic a l  o f  th e  values* to Be 
expected  (from  3 to  6 k i l o c a lo r i e s  p e r  mole) fo r  a  d i f f u s io n - c o n t r o l le d  
heterogeneous r e a c t io n  between a  s o l id  and a  l i q u id  re a g e n t.
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C oncentration  
o f  Acid 
(Molar)
H ( c c .)  
0
k (cm /sec)
i................................ -  -
1 1.988 0 .0334(5) 125.1 0,0102
2 1.955 0 .0334(5) 124.0 0.0109
3 1.960 0 .0334(5) 123.7 0.0110
4 1.950 0 .0329(5) 127.9 0.0135
5 1.943 0 .0329(5) 127.2 0.0131
6 1.938 0.0329(5) 135.7 0.0158





Mean Rate Constant 
k , (cm /sec .)
2 +  l o g ^ y
298.6 0.003349 0.0107 0,0286
308.6 0.003240 - 0 .0133 0.1232
317.4 0.003151 0.0160 0.2041
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1 1 (f)  The Dependence o f the  U nit Rate C onstan t o f  a  H eterogeneous
R eac tion  on the  D iam eter o f  the S o lid  C y lin d r ic a l Specimen
( 3?)As m entioned in  S ec tio n  I l l ( d ) ,  the work o f  E isen b erg , Tobias
and Wilke has shown th a t  the  u n i t  r a t e  co n s tan t o f  a  heterogeneous r e a c t io n
between a l iq u id  and the  curved su rfa c e  o f a s o l id  c y lin d e r  o f  d iam ete r d
0 ,  A
may be p ro p o r tio n a l to d  , p rov ided  d a ta  a re  o b ta in ed  w ith in  th e  R eynold’s 
Number range o f 1,000 -  100,000. In  o rd e r  to  t e s t  t h i s  r e la t io n s h ip ,  a 
s e r i e s  o f  experim ents was c a r r ie d  o u t in v o lv in g  the  use o f  a number o f 
magnesium c y lin d e rs  o f  v ary in g  d ia m e te rs  b u t a l l  o f  th e  same le n g th , 3*95 cm, 
These experim ents were conducted a t  a tem pera tu re  o f  23°C w ith  d i lu te  
h y d ro c h lo ric  a c id  (about 0 .06  N) and a  co n s ta n t speed o f  re v o lu tio n  o f
1,000 r .p .m . fo r  each c y l in d e r .  There i s  reaso n  to  b e lie v e  th a t  w ith  
a c id  o f  t h i s  c o n c e n tra tio n  th e  r e a c t io n  w ith  magnesium a t  25°C i s  v i r t u a l l y  
d if fu s io n  c o n tro l le d , as  were the r e a c t io n s  and p ro c e sse s  s tu d ie d  by 
E isen b erg , T obias and W ilke. As some o f the  c y lin d e rs  were la rg e  ( th e  
l a r g e s t  had a  d iam ete r o f  about 7*5 cm .), 3,000 o r  4,000 c .c .  o f  a c id  
was used in  each experim en t. L a te r  a  second s e r ie s  o f  experim ents was 
done w ith  h y d ro c h lo ric  ac id  o f  about th e  same c o n c e n tra tio n  a t  25°C, bu t 
w ith  a co n s ta n t speed o f  re v o lu t io n  o f  500 r .p .m . fo r  each c y l in d e r .
The r e a c t io n  between the  d i lu te  h y d ro ch lo ric  a c id  and magnesium 
was fo llow ed by w eight lo s s  d e te rm in a tio n s . The c y lin d e r , re v o lv in g  
a t  1,000 r .p .m . (o r  500 r .p .m .)  and p o s it io n e d  as  c e n t r a l ly  as  p o s s ib le  
o ver the la rg e  beaker, was qu ick ly  low ered in to  th e  ac id  u n t i l  com plete ly  
submerged and a  stop  clock  s im u ltan eo u sly  s t a r t e d .  At th e  end o f  the  
p redeterm ined  r e a c t io n  tim e, the  c y lin d e r  was qu ick ly  removed from the  
ac id , tho rough ly  washed w ith  d i s t i l l e d  w ate r, then  p la ced  in  an e l e c t r i c  
oven to  dry  fo r  about te n  m inu tes . A f te r  removal from the  oven, the
57.
c y lin d e r  was allow ed to cool in  th e  a i r  fo r  some tim e, and then  in s id e  a 
d e s ic c a to r  u n t i l  i t  had reached room te m p era tu re . I t  was w eighed, rep la ced  
in  the oven fo r  a  f u r th e r  te n  m inu tes o r so , and, a f t e r  c o o lin g  to  room 
tem p era tu re , rew eighed. T h is  p rocedu re  was re p e a te d  u n t i l  th e  c y lin d e r  
had a t ta in e d  a co n s ta n t w eigh t.
Evidence e x i s t s ,  e .g .  in  th e  work o f  K ilp a tr ic k  and Rushton, th a t  
th e  r e a c t io n  between magnesium and h y d ro c h lo r ic  ac id  o f  c o n c e n tra tio n  in  
the  re g io n  o f  O.O6 N i s  o f  th e  f i r s t  o rd e r  w ith  re s p e c t  to  a c id  c o n c e n tra tio n . 
T herefo re  the  u n i t  r a te  c o n s ta n ts  fo r  the  r e a c t io n s  in the  work d e sc rib e d  
above were c a lc u la te d  from the  in te g ra te d  ex p re ss io n  fo r  a  f i r s t  o rd e r  r e a c t io n ,
where the  symbols have the  meanings used e a r l i e r .  The R eynold’s  Number 




where S = the number o f  re v o lu t io n s  perform ed p e r  second by th e  c y l in d e r ,
= th e  d iam eter in  cm. o f  th e  c y lin d e r , and y = th e  k in em atic  v is c o s i ty  
2
o f  the s o lu tio n  in  cm / s e c .  Table 10 g iv e s  th e  d a ta  n ece ssa ry  fo r  a  
s t a t i s t i c a l  e v a lu a tio n  o f  the  r e s u l t s .  The f ig u re s  in  th e  sev en th  column 
show th a t  the Reynold’s Numbers fo r  the  experim ents in v o lv in g  c y lin d e rs  
o f  d iam ete rs  from O.9854  cm. to  3.997 cm., a re  w ith in  the  range 1,000 to
100,000, the  range fo r  which E isen b erg , Tobias and Wilke d isco v ered  th e i r  
0 .4k a  d^* r e la t io n s h ip .  C onsequently th e  r e s u l t s  o f  th e se  sev en teen  
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Table 11
y y-y X x-x (x -x )(y -y ) (x -x)^
0.2240 -0 .1156 1.9936 -0 .2968 0.0343 0.0881
0.2261 -0 .1135 1.9965 -0 .2939 0.0334 0,0864
0.1801 -0 .1595 1.9967 -0 .2937 0,0468 0,0863
0.2330 -0 .1066 2.0885 -0 .2019 0.0215 o.o4o8
0.2987 - 0.0409 2.1793 -0.1111 0.0045 0=0123
0.3012 -0-0384 2.2322 -0 .0582 0.0022 0.0034
0.3556 +0=0160 2.2669 -0 .0235 - 0.0004 0.0006
0.3502 +0.0106 2.2683 - 0.0221 - 0.0002 0=0005
0.3345 -0.0051 2.2956 +0.0052 0 0
0.3522 +0.0126 2.2987 +0.0083 +0.0001 0=0001
0.3088 -0 .0308 2.3001 +0.0097 -0 .0003 0.0001
0.3923 +0.0527 2.3979 +0.1075 +0,0057 0,0116
0.3892 +0.0496 2.4004 +0.1100 +0=0055 0=0121
0.4161 +0.0765 2.4766 +0.1862 +0,0142 0.0347
0.4464 +0.1068 2.5437 +0.2533 +0.0271 0.0642
0.4953 +0.1557 2.6009 +0.3105 +0=0483 0.0964
0.4695 +0 . 1299" 2.6018 +0.3114 +0.0405 0,0970
5.7732 38.9377 0.2832 0.6346
ÿ = 0.3396  . .X = 2.2904
. The slope o f  the b est l e a s t  squares s tr a ig h t  l in e  = ~ 0.446
60.
The v a r ia b le  y = 2 + log^^k and the  v a r ia b le  x = 2 + log^^d^ . The 
mean v a lu es  o f  y and x a re  denoted by y and x- I t  i s  seen  from T able 11 
th a t  th e  b e s t  l e a s t  sq u a re s  s t r a i g h t  l i n e  through a l l  th e  sev en teen  p o in ts  
has a  s lope  o f  0 .4 4 6 . P u tt in g  th e  eq u a tio n  to  th e  s t r a i g h t  l i n e  in  the  
form (y-y) = m (x -x ), i t  i s  seen th a t
2 + log^^k = 0.3396  + 0 .446  (2 + log^^d^ -  2.2904)
i . e .  log^Qk = - 1.7899  + 0 .446 log^^d .   ( I )
In  Table 12 a re  shown the r e s u l t s  o f  c a lc u la t in g  v a lu es  o f  
2 + iog^^k from eq u a tio n  ( 1) .  The th i r d  column o f  t h i s  ta b le  g iv es  the 
v a lu es  o f  A, which i s  the  d if fe re n c e  between th e  ex perim en ta l value  o f  
2 + log^Q.k g iven in  Table 10 and the  c a lc u la te d  value  from eq u a tio n  ( I ) .
I t  i s  seen th a t  fo u r r e s u l t s  a re  0 .02  o r  worse from th e  l i n e  (0 .0 2  corresponds 
to  a  5^ 0 e r r o r  in  k ) . These were r e je c te d  and a n o th e r  l e a s t  sq u ares  
c a lc 'o la tio n  perform ed w ith  the  rem ain ing  th i r t e e n  p o in t s .  The r e s u l t s  a re  
p re se n te d  in  Table 13 . The eq u a tio n  to  the  b e s t  l i n e  th rough  th e se  p o in ts  i s ,
log^Qk = - 1.7846 + 0 .433  log^gd^   (2 )
T his eq u a tio n  was used to  c a lc u la te  v a lu es  o f  2 + log^^k , th e se  v a lu es  
being  in c lu d ed  in  Table l4 .  The d if f e re n c e s  A between th e se  v a lu e s  and the  
experim en ta l v a lu es  a re  reco rded  in  the  th i r d  column o f  t h i s  t a b le .  I t  
i s  seen th a t  f iv e  p o in ts  a re  0.020  lo g  u n i t  o r  worse from the  l i n e  o f  . 
eq u a tio n  (2 ) ;  th e se  were now r e je c te d .  One p o in t ,  co rrespond ing  to  a  
c y lin d e r  d iam ete r o f  I .833  cm., which was more than  0 .02  lo g  u n i t  from the  
l i n e  o f  eq u a tio n  ( 1) i s  now w ith in  to le ra n c e  and i s  now in c lu d ed  in  a  f in a l  
l i n e  f i t t i n g .  The r e s u l t s  a re  inc lu d ed  in  Table 15, from which i t  i s  seen  
th a t  th e  b e s t  l e a s t  quares s t r a i ^ t  l i n e  th rough  th e  tw elve rem ain ing  p o in ts  
has the  fo llo w in g  eq u a tio n ,
los^gk = 1.7746 + 0.4061   ( 3)
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- 0.0033 0.2087 0.0286
- 0.0035 0.2086 0.0175
-0 .0064 0.2073 0.0167
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Table 13
y-y X x-x (x-x)(y-y) (x-x)^
0.2240 -0.1282 1.9936 -0.3222 0.0413 0.1038
0,2261 -0.1261 1.9965 -0.3193 0.0402 0.1020
1 0.2330I
-0.1192 2.0885 -0.2273 0.0271 0.0517
i 0.2987 -0.0535 2.1793 -0.1365 0.0073 0.0186
! 0.3012 -0.0510 2.2322 -0.0836 0.0043 0.0070
0.3345 -0.0177 2.2956 -0.0202 0.0004 0.0004
1
0.3522 0 2.2987 -0.0171 0 0.0003
0.3923 0.0401 2.3979 +0,0821 0.0033 0.0067
0.3892 0.0371 2.4004 +0.0846 0.0031 0.0072
0 . 4l 6i 0.0639 2.4766 +0.1608 0.0103 0.0259
0.4464 0.0942 2.5437 +0.2279 0.0215
I
0.0519
0.4953 0.1431 2.6009 +0.2851 o.o4o8 0.0813
0.4695 0.1173 2.6018 +0.2860 0.0336 0.0818
1
4.5785 30.1057 0.2332 0.5386 1
'________ ________ ^
ÿ == 0.3522
^ — .— — .
X  — 2 »3158
——----— ------- — ' —-
.* .  The slo p e  o f th e  b e s t l e a s t  squares s t r a i g h t  l i n e  = 5 3 #  = 0-433
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Table 14
lo g  d. C a lc u la te d  value  o f















- 0.0033 0.2140 0.0339
- 0.0035 0.2139 0.0122
-0 .0064 0.2127 0.0113
Table 15
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y y-y X x-x (x -x )(y -y ) (x-x)
0.2240 - 0.1260 1.9956 - 0.3134 0.0395 0.0982
0.2261 - 0.1239 1.9965 - 0.3105 0.0385 0.0964
0.2987 - 0.0513 2.1795 - 0.1277 0.0066 0.0163
0.3012 -0 .0488 2.2322 -0 .0748 0.0037 0.0056
0.3502 +0.0002 2.2683 - 0.0387 0 0.0015
0.3545 - 0.0155 2.2956 -0 .0114 0.0002 0.0001
0.3522 +0.0022 2,2987 - 0.0083 0 0.0001
0.3923 +0.0423 2.3979 +0.0909 0.0038 0.0083
0.3892 +0.0392 2.4004 +0.0934 0.0037 0.0087
0 .4 l6 l +0.0661 2.4766 +0.1696 0.0112 0.0288
0.4464 +0.0964 2.5437 +0.2367 0.0228 0.0560
0.4695 +0.1195 2.6018 +0.2948 0.0352 0.0869
4.2004 27.6846 0.1652 0.4067
. y = 0.3500 X = 2.3070
The s lope  o f  the b e s t  l e a s t  sq u ares  s t r a i g h t  l i n e  = ~ 0 .4 o 6 l
65.
T h is  l i n e  s t i l l  exc ludes th e  same f iv e  r e s u l t s  w ith  e r r o r s  o f 
0 .02  + lo g  u n i t  and i s  w ith in  0 .02  lo g  u n i t  o f  a l l  th e  tw elve p o in ts  
accep ted  fo r  Table 15. C onsequently  i t  was accep ted  as  th e  b e s t  l i n e  
th rough  the  p o in t s .
I t  can be seen from e q u a tio n  ( 3) th a t  th e  r e la t io n s h ip  between 
k and d^ can be w r i t t e n  a s  fo llo w s,
k = 0.0168  . . . . . .  (4)
The power on d^, 0,4o6, d i f f e r s  by on ly  1.1/2^ from th e  power 0.40 found
( 32)by E isen b erg , T obias and Wilke in  t h e i r  work on he terogeneous r e a c t io n s .
A s im i la r  s e r ie s  o f  n ine  experim en ts  w ith  c y l in d e rs  o f  magnesium 
ran g in g  in  i n i t i a l  d iam ete r from 2 .4?6  cm. to  7 ,57  cm. was perform ed 
a t  25°C, b u t th e  speed o f  r o ta t io n  in  each experim ent was now 500 r .p .m .
The volume o f  a c id , i n i t i a l  c o n c e n tra tio n  0 .06^2 M» used in  each experim ent was
4,000 C . C . ,  and care was taken  th a t  a t  th e  end o f  every  experim ent th e  
p a r t l y  sp en t a c id  was e n t i r e ly  removed from th e  la rg e  s t a i n l e s s  s t e e l  
r e a c t io n  v e s s e l and rep la ced  by f re s h  a c id  in  re a d in e s s  f o r  th e  n ex t 
experim en t. The r e le v a n t  d a ta  o b ta in ed  from th e  n ine  experim en ts  a re  
in c lu d ed  in  Table I 6 . The b e s t  s t r a i g h t  l i n e  th rough  th e  f i r s t  s ix  
p o in ts  (R eynold’s Number from 17,750 to  103,300) o b ta in ed  by p lo t t i n g  
v a lu es  o f  (2 + log^^k) v e rsu s  (2 + log^^d) has a  s lope  o f  0 .4 l8 ,  i . e . ,  
the  u n i t  r a te  c o n s ta n t i s  p ro p o r t io n a l  to  the r a d iu s  r a is e d  to  th e  
power o f  0 .4 l8 ,  in  q u ite  good agreem ent w ith  th e  f in d in g s  o f  E ise n b e rg ,
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I I ( g) Larger  Scale Experim ents w ith  and w ith o u t U ltra so n ic
I r r a d i a t i o n .
In  view o f th e  f a c t  th a t  th e re  appeared to  be a  c o n s id e ra b le  lo s s  
in  power when an a ttem p t was made to  d i r e c t  u l t r a s o n ic  waves th rough th e  
tlu-ck g la s s  p la te  on to  the  f l a t  low er su rfa c e  o f  a  magnesium c y lin d e r , 
i t  was decided  to  d isp en se  w ith  the  use o f  the  co n ica l g la s s  r e a c t io n  
v e s s e l and to  use an arrangem ent whereby u l t r a s o n ic  waves could be made 
to  t r a v e l  d i r e c t ly  from the  tra n sd u c e r  d is c  through the  ac^d medium and 
on to  th e  exposed magnesium s u r fa c e . For t h i s  purpose th e  heavy c y l in d r ic a l  
tra n sd u c e r  was c a re fu l ly  p la ced ’ f l a t  on th e  bottom o f  a 5 - l i t r e  g la ss  
beaker c o n ta in in g  th re e  l i t r e s  o f  ac id  s o lu t io n .  The magnesium c y lin d e r , 
which was screwed on to  th e  s t i r r i n g  s h a f t , ;w a s  p la ced  in  the  v e r t i c a l  
p o s i t io n  w ith  i t s  low er f l a t  end d i r e c t ly  over th e  tra n sd u c e r  d is c ,  
about th re e  in ch es  from i t .  Care was taken  w ith  th e  ad ju stm en ts  o f  the  
p o s i t io n s  o f  the  magnesium c y lin d e r  and the  tra n sd u c e r  so th a t  they  were as  
n e a r ly  c o ax ia l as  p o s s ib le .  F igu re  14 shows the arrangem ent in  a 
ty p ic a l  experim ent.
In  a c tu a l  experim ents where u l t r a s o n ic  waves were used , the  
g en e ra to r  was sw itched  on b efo re  the c y lin d e r  o f  magnesium was low ered 
in to  p o s i t io n .  The fo u n ta in  e f f e c t  produced on th e  l iq u id  su rfa c e  
could then  be used as  a  guide when a d ju s t in g  the  p o s i t io n  o f th e  c y l in d e r .  
Before the  l a t t e r  was low ered in to  i t s  f in a l  p o s i t io n ,  i t  was made to  
rev o lv e  a t  i t s  p redeterm ined  speed.
The dim ensions o f  the  c y lin d e r  chosen fo r  th e se  experim ents were 
le n g th  3°95 cm, d iam ete r 2 .0  cm. Three experim en ts  were perform ed 
w ith o u t the  use o f  u l t r a s o n ic  waves a t  25*5°C and th e  same number was 
perform ed w ith  u l t r a s o n ic  waves. F resh  h y d ro c h lo r ic  a c id  (0.0659 N), 
volume 3,000 c . c . ,  was used fo r  each experim en t.
68,
F igure  14
F igu re  15
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In  each o f  th e se  experim ents th e  c y lin d e r  was ro ta te d  a t  
200 r.p.m o fo r  a  p e r io d  o f  te n  minuteso Only th e  low er f l a t  end o f  
th e  c y lin d e r  was l e f t  uncovered by c o llo d io n . At th e  end o f  th e  te n  
m inute p e r io d , the  c y lin d e r  was q u ick ly  removed from th e  a c id , 
thoroughly  washed w ith  d i s t i l l e d  w a te r, d r ie d  and f i n a l l y  w eighed. The 
w eight lo s s  v;as then  deduced.
The w eight lo s s e s  in  th e  th re e  experim ents w ith o u t u l t r a s o n ic  
waves were re s p e c t iv e ly  0.0137 gm., 0 .0143 gm., and 0 .0 l4 0  gm., g iv in g  
an average w eight lo s s  o f  0.0140 gm. For th e  th re e  experim ents in  which 
u l t r a s o n ic  waves were used the  w eight lo s s e s  were r e s p e c t iv e ly  O.O318 gm ., 
0.0273  gm., and 0.0288  gm., g iv in g  an average w eigh t lo s s  o f  0 .0293 gm.
A p a i r  o f  s im ila r  experim en ts, one w ith  and one w ith o u t u l t r a s o n ic  
waves, v/as perform ed a t  a tem peratu re  o f  33"3^0. The lo s s  in  w eigh t in  
th e  experim ent w ith o u t u l t r a s o n ic  waves was 0 .0 l6 4  gm., and th e  w eight lo s s  
in  th e  o th e r  experim ent was 0.0432 gm.
With the  d a ta  p re se n te d  above we can c a lc u la te  tem pera tu re  
c o e f f ic ie n ts  o f  r e a c t io n ,  th u s .
E quation  (3) o f  S ec tio n  I l ( b )  i s  used to  c a lc u la te  the  r a te  
c o n s ta n ts , i t  be ing  assumed th a t  th e  r e a c t io n  between magnesium and 
0.0639  N h y d ro c h lo ric  ac id  under the  in f lu e n c e  o f  u l t r a s o n ic  waves fo llo w s 
f i r s t  o rd e r  k in e t i c s .  I t  has been p o in ted  o u t in  an e a r l i e r  s e c tio n  th a t  
th e re  i s  evidence th a t  the  r e a c t io n  between the  magnesium and a c id  o f  t h i s  
c o n c e n tra tio n  in  the  absence o f  u l t r a s o n ic  waves i s  o f  the, f i r s t  o rd e r  in  
a c id  c o n c e n tra tio n . For th e  experim ents r e f e r r e d  to  above, V = 3,000 c . c . ,  
A = 3 " l4  sq .cm ., t  = 6OO seconds, a = 2.4o4 grams.
70.
At a  tem peratu re  o f  23=3^0 in  the  absence o f  u ltra so u n d ,
At a  -  X
6,909  X 0 .00231
1,884
0 .009204 cra/se c , ,
and ^ = 6,909 x O.OO283
1,8843 3 .3
= 0.01043  cm /sec.
At a tem peratu re  o f  33.3°C w ith  u l t r a s o n ic  waves,
Kcr c = 6,909  X 0.00323
1,884
= 0.01918  cm /sec .,
and k-j- -  = 0.02864 cm /sec.33 "3
T herefo re  fo r  r e a c t io n  in  absence o f  u ltra so u n d , ^33°3 = 0.01043 = 1 . l4 ,
k^^ ^ 0.009204
kand fo r  the u l t r a s o n ic a l ly  in flu e n c e d  r e a c t io n ,  '33-3 = 0.02864 = 1 .4 9 .
^25 .5
These tem pera tu re  c o e f f ic ie n t s  a re  w ith in  th e  range to  be expected  
o f a  d i f fu s io n -c o n t ro l le d  he terogeneous r e a c t io n ,  a lth o u g h  the  c o e f f i c ie n t  
fo r  th e  u l t r a s o n ic a l ly  in f lu e n c e d  r e a c t io n  i s  s ig n i f i c a n t ly  l a r g e r  than  
th a t  o f  th e  r e a c t io n  n o t su b je c te d  to  the  in f lu e n c e  o f  u ltra so u n d .
71 o
Experim ents in  which u l t r a s o n ic  waves were d ir e c te d  a c ro s s  th e  f l a t  
su rface  o f  a  magnesium c y lin d e r
--1------------- j— ---------------------------- ----------------^  II I W  « ..J r  Mil— W 1  ■ ,
F igu re  15 shows th e  arrangem ent used , the  c y lin d e r  r o ta t in g  
in  an u p r ig h t p o s i t io n  and th e  tra n sd u c e r  be ing  j u s t  submerged in  the  
d i lu te  h y d ro c h lo ric  a c id .  Nine experim ents were done a t  a  tem pera tu re  
o f  25.5°C , u s in g  3,000 c .c .  o f  f re s h  h y d ro c h lo ric  a c id  o f  i n i t i a l  
co n c e n tra tio n  0 . 0659N in  each experim en t. The same c y lin d e r , le n g th  4 cm. 
and d iam eter 2 .0  cm ,, was used each tim e and i t  was r o ta te d  fo r  10 m inu tes 
a t  a speed o f  200 r .p .m , in  the  ac id  w ith  the  u l t r a s o n ic  g e n e ra to r  on 
f u l l  power. U n fo rtu n a te ly , the  r e p r o d u c ib i l i ty  o f  the w eight lo s s  was 
no t good, th e re  being  a v a r ia t io n  from 0.0302 gram to  0.0460 gram. I t  was 
then  decided to  perform  experim ents v/ith the  c y lin d e r  r o ta t in g  very  c lo se  to  
the tra n sd u c e r  (about 1 cm. away), as w ith  t h i s  arrangem ent a  p ro p e r 
alignm ent o f  th e  tra n sd u c e r  d is c  and the exposed f l a t  end o f  the c y l in d e r ,
i . e .  w ith  the  cen tre  o f  th e  v e r t i c a l  d is c  in  l i n e  w ith  th e  c e n tre  o f  th e  
h o r iz o n ta l c y lin d e r  su rfa c e , could be ach ieved .
Four experim ents ( in  d u p lic a te )  were perform ed a t  a tem pera tu re  
o f  35»5°C, u s in g  the  same c y lin d e r  (4 cm. x 2 cm) w ith  th re e  l i t r e s  o f  
f re s h  0.0659  N h y d ro c h lo ric  a c id  in  each experim en t. The c y lin d e r  was 
ro ta te d  a t  200 r .p .m , fo r  10 m inutes in  each experim ent, w ith  the  
u l t r a s o n ic  g e n e ra to r  on f u l l  power. The w eight lo s s  f ig u re s  fo r  the  
fo u r experim ents were O.O66O gm., O.O650 gm., O.O677 gm- and 0.0648 gm., 
g iv in g  an average w eight lo s s  o f  0.0659  gm.
F ive s im ila r  experim ents perform ed a t  25«3°C gave w eight lo s s e s  
o f  0.0564 gm., 0 .054 lgm ., 0.0517 gm., 0.0573 gm. and 0.0536 gm., the  
average being  0.0547 gm.
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A c a lc u la t io n  s im i la r  to  those  perform ed in  th e  p re v io u s
su b -se c tio n  g iv es  k _ ^ = 0.04425 cm /sec ., and k ^  ^ = 0.03674 cm /sec .,
33 •3 ^3 ® 3
the  assum ption be ing  made th a t  the  u l t r a s o n ic a l ly  in f lu e n c e d  r e a c t io n  
between the  h y d ro c h lo ric  a c id  and magnesium i s  o f  th e  f i r s t  o rd e r  
in  ac id  c o n c e n tra tio n .
T herefo re  k.
‘25.5
a tem peratu re  c o e f f ic ie n t  which i s  o f  a m agnitude to  be expected 
o f a  d if fu s io n -c o n t ro l le d  r e a c t io n .
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11(h) Experim en ts  to  T es t the  E f f e c t  of  In c re a s es  i n th e  S ti r r i n g
S p ^ d o f  a  Magnesium C ylinder on the R e la tiv e  Rate  o f  th e  R eac tion  
between Magnesium and D ilu te  H ydroch lo ric  Acid
At a  given speed and tem p era tu re , th e  r e l a t i v e  r a t e  o f  th e
re a c t io n  between magnesium and h y d ro c h lo ric  a c id  i s  d e fin e d  a s  th e  r a t i o
o f  the r a te  o f  th e  r e a c t io n  when s u b je c t  to  th e  a c t io n  o f  u l t r a s o n ic  waves
to  i t s  r a te  when i t  i s  no t su b je c te d  to  u ltra s o u n d . The experim en ta l
arrangem ent fo r  most o f  the  experim ents was the  same a s  th a t  d e sc rib e d
in  the  p rev io u s  su b -se c tio n , w ith  the c y lin d e r  very c lo se  (1 to  2 cm.)
to  the  tra n sd u c e r  d is c ;  b u t fo r  th re e  o f  the  experim ents w ith o u t u ltra so u n d
a t  a  speed o f  ZOO r .p .m . ,  the  experim en ta l arrangem ent was th a t  shown in
F igu re  14. However, i t  i s  assumed th a t  th e  d if fe re n c e  between th e  two
arrangem ents w i l l  n o t a l t e r  the  flow c h a ra c te r is t?  cs s u f f i c i e n t ly  to  a f f e c t
the  r a te  o f  any d if fu s io n -c o n t ro l le d  re a c t io n  th a t  may be ta k in g  p la c e
a t  the  f l a t  end o f  a magnesium c y l in d e r .  In  each experim ent 3,000 c .c .  o f
f re s h  0.0659  M h y d ro c h lo ric  ac id  was used . A ll experim ents were
perform ed w ith  the  a c id  a t  a tem peratu re  o f  2 3 .4^0 . Speeds o f  re v o lu t io n
o f 200 , 800 and 1,150  r .p .m . were s e le c te d  and in  each  experim ent the
c y lin d e r  was ro ta te d  in  a c id  fo r  te n  m in u tes . Table 17 c o n ta in s  th e
d a ta  n ecessa ry  to  c a lc u la te  th e  r e l a t i v e  r a t e s .
Tab le  17
[In  a l l  expérim enta marked w ith  an a s t e r i s k ,  u l t r a s o n ic  waves 
were u se d ] .







1 , 130* 1 0.0627
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For the purpose o f  c a lc u la t in g  th e  r e l a t i v e  r a t e s ,  average 
v a lu es  o f th e  w eight lo s s e s  in  te n  m inutes reco rded  in  Table 17 were 
used . Thus a t  a  s t i r r i n g  speed o f  200 r .p .m . .
Rate a t  2 5 .1 /2^0  w ith  u l t r a s o n ic s
R e la tiv e  Rate -  p ^ te  a t  25®1/2^C w ith o u t ^ u l t r a s o n ic s  3®44
At a  s t i r r i n g  speed o f  800 r .p .m . ,  R e la tiv e  Rate = 1 .75 , 
and a t  a  s t i r r i n g  speed o f  1,150 r .p .m . , R e la tiv e  Rate = 1 .4 6 .
These r e l a t iv e  r a te  f ig u re s  show t h a t  an in c re a s e  in  the  s t i r r i n g  
speed o f  th e  c y lin d e r  has th e  e f f e c t  o f  d e c re a s in g  th e  r e l a t i v e  r a te  o f  
th e  r e a c t io n  between magnesium and the d i lu te  h y d ro c h lo r ic  a c id .
75.
I I ( i )  Use o f  Data to  Check the  Form o f  th e  Rate E quation  fo r  
the R eaction  between Magnesium and H ydroch lo ric  Acid
The f a c t  th a t  the  r a te  o f  e v o lu tio n  o f  hydrogen gas i s  so h ig h
in  the r e a c t io n  between magnesium and h y d ro c h lo r ic  a c id  o f  c ^ o n c e n tra tio n
around 0 .1  M a t  25^C p re c lu d e s  a c c u ra te  volume measurements o f  r a te s
o f  re a c tio n  in v o lv in g  a c id  o f  c o n c e n tra tio n  g re a te r  than  t h i s .
C onsequently we r e ly  on w e ig h t- lo s s  d e te rm in a tio n s  to  measure r a te s
o f r e a c t io n  between th e  m etal and ac id  o f  c o n c e n tra tio n  g r e a te r  than  0 .1  M.
P rovided th e  e x te n t o f  r e a c t io n  i s  on ly  a  fev/ p e r  cen t, use can. be
made o f  th e  fo llo w in g  method to  check the  form o f the  r a t e  e q u a tio n .
Assuming a r a t e  ex p re ss io n  o f  the  form - do = k A c^, n be ing  the  o rd e r
d t  V
o f the  r e a c t io n ,  we can s e le c t  two v a lu es  o f  i n i t i a l  a c id  c o n c e n tra tio n  
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I f  the a re a s  o f  the  s o lid  specim ens a re  d i f f e r e n t  in  the  two
experim en ts, say A, sq.cm . and sq .cm ., then  e q u a tio n  (4) must be 
m odified  th u s :
n = lo g 10
1
1
og,2 \d t  /
/
/
^10 ( . ^ 1  I ............ (5 ) .
d cIn  our case , we assume th a t  th e  i n i t i a l  in s ta n ta n e o u s  r a te  —  
i s  d i r e c t ly  p ro p o r tio n a l to  Am, the w eight lo s s  in  th e  f i n i t e  t im e 'in te r v a l  At 




Table 18 in c lu d e s  d a ta  from some experim ents on the magnesium- 
h y d ro c h lo ric  a c id  re a c t io n  covering  a range in  a c id  c o n c e n tra tio n s  o f  
0.01647 M to  1,45 M. The volume o f  ac id  in  each o f  th e se  experim ents was 
3,000 c .c .  No u ltra so u n d  was used in  any o f  the  ex p erim en ts .
I t  w i l l  be n o tic e d  th a t  th e  re a c t io n  i s  f i r s t  o rd e r  w ith  r e s p e c t  
to  the  h y d ro ch lo ric  ac id  c o n c e n tra tio n  from the lo w est c o n c e n tra tio n  used , 
0.01647 M, to  about 0 . l6  M, fo r  c y lin d e rs  4 cm, lo n g 'a n d  2 cm, d iam eter 
rev o lv in g  a t  200 r .p .m . ,  a t  a  tem peratu re  o f  about 25^0, In  agreem ent 
w ith  t h i s  f in d in g , i t  was shown in  S ec tio n  11(c) th a t ,  u s in g  the  r e s u l t s  
o f  experim ents in  which r a t e s  were determ ined from gas volume m easurem ents, 
the o rd e r  o f  r e a c t io n  in  d i lu te  a c id  (0 .033  M) was one. Table 18 a lso  
shows th a t  the ap p aren t o rd e r  o f  the  r e a c t io n  r i s e s  w ith  in c re a s in g  ac id  
c o n c e n tra tio n , u n t i l  a t  about 1 M h y d ro c h lo ric  a c id  i t  i s  about two. I t  i s  
in t e r e s t in g  to  no te  th a t  B. Roald and W. B e c k , w h o  used w e ig h t- lo s s  
d e te rm in a tio n s  on the  curved su rfa c e  o f  c y lin d e r , d isco v ered  th a t  th e  r a te s  
o f  r e a c t io n  were d i r e c t ly  p ro p o r tio n a l to  the  a c id  c o n c e n tra tio n .
77,
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i » e , ,  the  r e a c t io n  was f i r s t  o rd e r , f o r  the  more d i lu te  a c id  s o lu tio n s  
up to  a c o n c e n tra tio n  about decim olar a t  low speeds o f  re v o lu t io n  (o f  a 
few hundred r .p .m ,) ,  the  slope o f  the s t r a i g h t  l i n e  on a  lo g a ri th m ic  p lo t  
being  u n ity .  At h ig h e r  speeds o f  re v o lu t io n , however, the  d i r e c t  
p ro p o r t io n a l i ty  between r a te  and ac id  c o n c e n tra tio n  extended to 
co n c e n tra tio n s  p ro g re s s iv e ly  l a r g e r  than  dec im o la r. They found th a t  a t  a 
h y d ro c h lo ric  a c id  c o n c e n tra tio n  o f  about 1 .4  m olar, a l l  the  r a te  v e rsu s  
ac id  c o n c e n tra tio n  curves (one fo r  each speed o f  re v o lu tio n )  converge, i . e . ,  
cy lin d e r  speed no lo n g e r a f fe c te d  the  r a te  o f  r e a c t io n .
When a p lo t  o f  r a te  v e rsu s  ac id  c o n c e n tra tio n  i s  n o t a s t r a i g h t  l i n e ,
i t  i s  d o u b tfu l w hether v a lu es  o f  n c a lc u la te d  by means o f  eq u a tio n  (4) 
o r  eq u a tio n  (5) have much s ig n if ic a n c e ,  excep t perh ap s to  show th a t  th e  
o v e ra l l  r e a c t io n  does n o t have a sim ple o rd e r . We s h a l l  have o ccasio n  to
d isc u ss  t h i s  p o in t  in  an o th e r s e c tio n .
In  Table 19 a re  in c lu d ed  d a ta  and the  c a lc u la te d  n v a lu es  fo r
some experim ents in  which the re a c tio n  between magnesium and h y d ro c h lo r ic
ac id  was su b jec ted  to  the  a c t io n  o f  u l t r a s o n ic  waves. The ex p erim en ta l
s e t  ^up was such th a t  the low er f l a t  end o f  th e  re v o lv in g  u p r ig h t
cy lin d e r  was d i r e c t ly  over the  tra n sd u c e r  d is c ,  about 1 cm, above i t ,
th e  tra n sd u c e r ly in g  f l a t  on th e  bottom  o f  th e  r e a c t io n  v e s s e l .  In
each experim ent J>^ 000 c .c .  o f  ac id  were used . There was a  s l i g h t  in c re a se
in  tem peratu re  due to  the  conversion  o f  sound energy in to  h e a t ,  am ounting
to  about one ce n tig ra d e  degree in  5 m inu tes. The f ig u re s  in  th e  l a s t
column p rov ide  ev idence th a t  the  re a c t io n ,  when in f lu e n c e d  by u l t r a s o n ic
waves, i s  o f  th e  f i r s t  o rd e r  over the  approxim ate c o n c e n tra tio n  range o f
0«3M to  3 M. The range may ex tend  beyond 3 M, b u t t h i s  cannot be
checked a t  p re s e n t because no experim ents w ith  a c id  o f  c o n c e n tra tio n
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I I ( j ) The E f fe c t  o f  Speed o f  R o ta tio n  and U ltra s o n ic  Waves on the
Rate o f  th e  R eaction  between Magnesium and More C oncen trated
H ydroch loric  Acid
Roald and Beck^^^\ in  t h e i r  experim en ta l s tu d y  o f  th e  r e a c t io n  
between magnesium and h y d ro c h lo ric  ac id  s o lu tio n s  a t  a tem pera tu re  o f 
25^C, found th a t  beyond a c o n c e n tra tio n  o f  about 1 .4  M th e  r a te  v;as 
independent o f  th e  speed o f  r o ta t io n  o f  th e  1.1 cm d iam eter c y lin d e rs  which 
they  used . Below a re  in c lu d ed  some o f  ou r experim en ta l r e s u l t s  o b ta in ed  
w ith  c y lin d e rs  3*95 cm. lo n g , , some o f  d iam ete r about 2 cm. and o th e rs  
hav ing  a d iam ete r o f  about 1 cm., and h y d ro c h lo r ic  a c id  o f  c o n c e n tra tio n s  
o f  about 1.45 M, 1 .9  M and 2 .9  M a t  a number o f  te m p e ra tu re s . In  each 
experim ent 3,000 c .c .  o f  a c id  were used . The r e a c t io n  v e s s e l was the  
la rg e  ( 1 0 - l i t r e )  s t a i n l e s s  s t e e l  bucket m entioned in  S ec tio n  1 1 (a ) . In  
every  experim ent a  c y lin d e r  was ro ta te d  in  an u p r i ^ t  p o s i t io n  w hile  w ell 
immersed in  ac id  s o lu t io n .  The tem p era tu res  reco rd ed  a re  mean v a lu e s , 
b u t in  no experim ent was th e re  a change in  tem pera tu re  o f  more th an  two 
C entig rade d eg rees . The r e s u l t s  marked w ith  an a s t e r i s k  in  Table 20 
a re  from re p e a t experim en ts, i . e .  two experim ents w ith  th e  same c y l in d e r .
An exam ination o f  th e  r e s u l t s  in  Table 20 shows th a t  in  no s e r ie s  
o f experim ents d id  the  r a te  o f  r e a c t io n  cease to  be dependent on th e  speed 
o f  r o ta t io n  o f  th e  c y l in d e rs .  Even w ith  a c id  o f  c o n c e n tra tio n  2 .89  M, 
an in c re a se  in  s t i r r i n g  speed o f  the  1 cm, d iam ete r c y l in d e rs  a t  25«5°C 
from 2,500 r .p .m . to  5 ,500  r .p .m . b rought about an in c re a se  o f  62 . 5%, 
based on average w eight lo s s e s ,  in  the  r a te  o f  r e a c t io n  a t  th e  f l a t  ends 
o f  the  c y l in d e rs .  Again in  th e  two experim ents c a r r ie d  o u t w ith  the  
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and which a re  more comparable to  the  experim ents o f  Roald and Beck, 
an in c re a se  in  s t i r r i n g  speed from 200 r .p .m . to  4 ,000 r .p .m . caused 
an in c ra se  o f  7y/o in  th e  r a te  o f  the r e a c t io n .
The r e s u l t s  in  Table 21 show the  combined e f f e c t  o f  u l t r a s o n ic
waves and speed o f  re v o lu tio n  on the  re a c tio n  a t  the  f l a t  ends o f  sm all
magnesium c y lin d e rs  (d iam e te r  1 .0  cm). A ll the  experim ents were
perform ed a t  an i n i t i a l  tem peratu re  o f  25.5°C . In  the  experim ents
where u ltra so u n d  was used , the  u l t r a s o n ic  waves were d ir e c te d  upwards
on to  the  exposed low er f l a t  su rfa c e  o f  each c y l in d e r .  The d is ta n c e  between 
th e  tra n sd u c e r d is c  and the exposed su rfa c e  o f  th e  c y lin d e r  p a r a l l e l  to  i t  
was about 1 to  2 cm. in  each experim ent. R e la tiv e  r a t e s  (d e fin ed
in  S ec tio n  11(h)) in c luded  in  Table 21 were c a lc u la te d  by u s in g  average
w eight lo s s e s .  I t  i s  in t e r e s t in g  to  no te  th a t ,  f o r  the r e a c t io n
between the  m etal and 2.89  M h y d ro ch lo ric  ac id  w ith  a c y lin d e r  speed
o f 5,500  r .p .m . ,  the  r e l a t iv e  r a te  i s  v i r t u a l l y  one, i . e .  the  a p p l ic a t io n
o f  u ltra so u n d  has no. f u r th e r  e f f e c t  on the  r e a c t io n .  In  bo th
s e r ie s  o f experim ents the  r e l a t iv e  r a te s  decrease  w ith  in c re a se  in
cy lin d e r  speed (a lth o u g h  w ith  1.441 M ac id  th e  r e l a t iv e  r a t e s  a t
4,000 and 5,500  r .p .m . a re  about the  same), a tre n d  th a t  was n o tic e d  in
S ection  11(h) w ith  the  r e s u l t s  fo r  much more d i lu te  ac id  and r o ta t io n a l
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11 ( k ) Experiment s  i n Which th e  £ f , J'L ^ngsim n Cyl in d e r s
were Allowed to  D ecrease A ppreciab ly
Experim ents were perform ed to  in v e s t ig a te  the  k in e t ic s  o f  the  
r e a c t io n  between magnesium and h y d ro c h lo r ic  a c id  o f  c o n c e n tra tio n  about 
1 M, in  which the  d iam ete rs  o f  th e  c y lin d e rs  were allow ed to  decrease  
a p p re c ia b ly . I t  seems l i k e ly  from th e  evidence p re se n te d  in  S ec tio n  I I ( i )  
th a t  the re a c tio n  in .1  M h y d ro c h lo ric  a c id  i s  s t i l l  c o n tro lle d  by 
c o n v e c tiv e -d if fu s iv e  p ro c e sse s , so th e  methods d esc rib e d  in  S ec tio n  I l l ( d ) , 
u s in g  eq u a tio n s  (23) and (26) fo r  d if fu s io n -c o n t ro l le d  r e a c t io n s ,  can be 
used p ro v id ed , o f  co u rse , th a t  we a re  w orking w ith in  th e  R eyno ld 's  Number 
range o f  1,000 to  about 100,000 (an exam ination  o f  E isen b erg , Tobias 
ajid W ilk e 's  o r ig in a l  p lo t  su g g es ts  in  f a c t  th a t  th e  range ex tends 
somewhat beyond 100 ,000). I t  i s  in t e r e s t in g  to  no te  th a t  A.G. Loshkarev^^^^ 
bas p re se n te d  evidence p o in t in g  to  th e  f a c t  th a t  th e  d is s o lu t io n  o f  
magnesium (and z inc) in  5 «5 K h y d ro c h lo ric  a c id  i s  c o n tro lle d  by the  
d if fu s io n  o f  hydrogen io n  to  th e  m etal s u r fa c e .
In  one s e r ie s  o f  experim ents a t  a tem pera tu re  o f  about 25°0, 
one charg ing  o f  9 ,850 c .c .  o f  1.150 M h y d ro c h lo ric  ac id  was used , t h i s  
a c id  being  p la ced  in  the  la rg e  1 0 - l i t r e  s t a i n le s s  s t e e l  r e a c t io n  v e s s e l ,  
which was in  a th e rm o s ta t. The magnesium c y lin d e r  used in  t h i s  s e r ie s  
•of experim ents had an i n i t i a l  d iam ete r o f  4 .984 cm. and le n g th  2 cm.
D uring a run i t  was ro ta te d  a t  800 r .p .m . ,  care  b e ing  taken  to  ensure th a t  
i t  was w ell immersed in  th e  ac id  and p laced  as  c e n t r a l ly  a s  p o s s ib le  in s id e  
the s t a in le s s  s t e e l  v e s s e l .  The p rocedure adopted to  o b ta in  the  n ecessary  
d a ta  was to  allow  the  c y lin d e r  to  r o ta te  f o r  a p redeterm ined  tim e in  th e  
a c id , then  to  remove i t  so th a t  i t  could be washed, and d r ie d  b efo re  
i t s  d iam eter was c a re fu l ly  measured by a  m icrom eter gauge. The co llo d io n
85.
p ro tru d in g  beyond the  upper and low er edges o f  the  c y lin d e r  was c a re fu l ly
cu t av/ay w ith  a  ra z o r  b la d e . Then the c y lin d e r , r o ta t in g  a t  800 r .p .m .
on the end o f  th e  s h a f t ,  was rep la ced  in  the  ac id  and th e  procedure
re p e a te d . As the  ac id  was p ro g re s s iv e ly  used up the  time allow ed fo r
a run was in c re a se d . In  t h i s  way s e r ie s  o f  v a lu es  o f  the ra d iu s  r ,  and
the  time t ,  were o b ta in ed  fo r  s u b s t i tu t io n  in to  eq u a tio n s  ( 23) and (26)
o f S ec tio n  I l l ( d ) .
Before use can be made o f  e q u a tio n s  (23) and (26) o f S ec tion  I l l ( d )
2
the  value  o f  a  must be c a lc u la te d  by means o f  th e  ex p ress io n
2 12.16 VI ^ ,a  = ^—- . In  t h i s  case we have
V = 9,850  CoC., 71 = 3 .142 , h = 2 .0  cm., p, = 1.75 g ra /c .c .,
E = 36.46  gm., I  = c^ ( th e  c o n c e n tra tio n  where r  = o ) .
The value o f  c^ i s  c a lc u la te d  as fo llo w s;
The w e i^ t  o f  the  cy lin der i n i t i a l l y  = 68.319 gm.
T his i s  e q u iv a le n t to  204.8  gm. o f  h y d ro c h lo ric  a c id .
As the  w eight o f  HCl in  th e  s o lu tio n  i n i t i a l l y  was 413*0 gm., the amount 
th e o r e t ic a l ly  l e f t  a t  the  end = 413*0 = 204.8  = 208.2  gm., in  a volume 
o f 9,850  c .c .
c*. The co n c e n tra tio n  in  g m /c .c ,, c^, ss. = 0.02114.
Table 22 in c lu d e s  th e  v a lu es  o f  ra d iu s  r ,  and time t ,  fo r  th i s  
s e r ie s  o f  experim en ts. F igu re  16 shows a  p lo t  o f  r  v e rsu s  t .  s lope
o f  the  curve o f  F igu re  I 6 was drawn, acco rd in g  to  the method o f  
WoHo P earlso n  and J .H . S im ons^^^ \ a t  th re e  p o in ts  corresponding  to 
v a lu es  o f  r  o f  2.355 cm ., 2.029cm. and I .872  cm., r e s p e c t iv e ly .  The 
v a lu es  found fo r  th e  s lope  were 0.0003933, O.OOO3126 and 0.0002508 re s p e c t iv e ly ,
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500 1,000 1,500 2,000 1,500 3,000 3,500 4,000 4,500
t( s e c )
Table 22
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These d a ta  were then  s^ed to  c a lc u la te  v a lu es  o f  n, the  ap paren t 
o rd e r  o f  the r e a c tio n , by means o f  eq u a tio n  (2 6 ), S ec tio n  I l l ( d ) . For 
example, ta k in g  r^ = 2.355  cm. and r^  = 2.029  cm. w ith  th e  co rresponding
d r
s lo p es  o f  0.003933  (= %T^) and O.OOO3I 26 ( f f à ) ,  we haved t d t
n = z3 .i!0 5 X r e  3.5P19) + o A j o . ^ A z . ^ 722}  
iTô/4'i -  1.0383
= 1.32
Again, w ith  r^ = 2.355 cm. and r^  = 1.872 cm. w ith  th e  co rrespond ing  
s lo p es  o f  0.0003933  and 0 . 0002508, a s im ila r  c a lc u la t io n  g iv es  n = I . 90 .
These v a lu es  o f  n seem to  support th e  co nclu sion  reached in  
S ec tio n  I I ( i ) ,  t h a t  the r e a c tio n  between magnesium and h y d ro c h lo ric  a c id  
o f  co n ce n tra tio n  about 1 M does n o t have a  sim ple k in e t ic  o rd e r .  A 
fu r th e r  d isc u ss io n  o f  th e se  r e s u l t s  w i l l  be given in  th e  s e c tio n  devoted 
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Data from the same s e r ie s  o f  experim ents were s u b s t i tu te d  in to
equation  (23) o f  S ec tio n  I l l ( d ) .  E quation  (23) was d e riv e d , o f  cou rse ,
0 ,4on the  assum ption th a t  k >C r  * , and th i s  appears to  be so fo r  the  
experim ents under d isc u ss io n  because the  R eynold 's  Numbers a re  w ith in  the  
a p p ro p ria te  range (10^ to  about 10^) acco rd ing  to  E isenberg , Tobias 
and V/ilke, The in te g r a l  was ev a lu a ted  by means o f  Simpson’s Rule, which 
w ith  f iv e  o rd in a te s  ( i . e .  fo u r s t r ip s )  i s
where h i s  th e  w id th  o f  each s t r i p  and f^ , f^ , f^  and f^  a re ,
re s p e c t iv e ly , the v a lu es  o f  f ( r )  i . e . ,  the  o rd in a te s  a t  r  = r^ ,  r^  + h, 
r^  + 2h, r^  + 3h and r^  + 4h (= r^ ) . In  our case f ( r )  = ^ r ^ “^ (r^  + a ^ ) ^  
’•'here n i s  th e  o rd e r o f  r e a c t io n  and, fo r  th i s  p a r t i c u la r  s e r ie s  o f  
experim ents, a^ = 6 , 315 . T herefo re  equa tio n  (23) becomes
3 t + f4  + 4 ( f ,+ f ; )  + 2 fg )
'2   ( 2 )
Values o f  X^, w ith  n = 1 , , and 2, r e s p e c t iv e ly ,  were c a lc u la te d
cy means o f  eq u a tio n  ( 2 ) ,  v a lu es  o f  t ,  rg  and r^  being  taken  from Table 22. 
-’le  d e ta i le d  r e s u l t s  o f  th e se  c a lc u la t io n s  a re  inc luded  in  Table 25* The 
x i r s t  fo u r v a lu es  o f  a re  q u ite  co n stan t ( v a r ia t io n  about 3%)  ^ b u t so a re  
•-...e x j.rs t fo u r v a lu es  o f  X  ^ ( v a r ia t io n  o f  about 6^ ) ;  w hile th e  f i r s t  fo u r
^2 s te a d i ly  r i s e  from 0 . 000018? to  0.0000211 (v a r ia t io n  about 
- ^ ) .  In  a l l  c a ses , th e re  i s  a  s teady  f a l l  in  the  X v a lu es  from th e
. .,h onwards. T here fo re  i t  appears, on the  b a s is  o f  th e  X v a lu es  re p o rte d  
-u  xable 23 , th a t  th e  r e a c t io n  does no t have any o f  th e  o rd e rs  1, 1
2
90.
In  an o th e r s e r ie s  o f  experim ents a t  a tem peratu re  o f  about 25 C, 
one charg ing  o f  3,000 c .c .  o f 1.166 M ( i n i t i a l  co n c e n tra tio n ) h y d ro ch lo ric  ac id  
was used in  th e  t e n - l i t r e  s t a in le s s  s te e l  r e a c tio n  v e s s e l ,  which was p laced  
in  a th e rm o s ta t. Six experim ents in  a l l  were c a r r ie d  ou t w ith  a c y lin d e r  
the  i n i t i a l  d iam eter o f  which was 2.001 cm. and le n g th  3«95 cm. During each 
experim ent the c y lin d e r  was ro ta te d  a t  a speed o f  1,000 i^ .m . The p rocedure 
adopted to o b ta in  the  n ecessary  experim ental d a ta  was s im ila r  to  th a t  
described  fo r  the  p rev io u s  s e r ie s  o f experim en ts. Values o f ra d iu s  r ,  and 
the corresponding  tim es, t ,  so o b ta in ed  a re  given in  Table 24. The value o f
a^, c a lc u la te d  by the  form ula a^ = ? i s  0 .9582.7c nv. n
Table 24








F igure 1? shows th e  curve o b ta ined  by p lo t t in g  th e  v a lu es  o f  r • 
ve rsus t  from Table 24. V alues o f  the  s lo p e , found by the  method p re v io u s ly  
re fe r r e d  to ,  a t  th re e  p o in ts  correspondning to  v a lu es  o f  r  o f  0 .977 cm.,
0.879 cm, and O.800 cm. were, re s p e c t iv e ly , 0 .0004094, 0.0003229 and 
C.0002623. These d a ta  were then  used to c a lc u la te  v a lu es  o f  n by means 
o f  equation  (2 6 ), S ec tio n  I l l ( d ) .  Taking r^  = 0.977 cm., and r^  = 0.879 cm,, 
the  value found fo r  n was 1. 95;w ith  r^ = 0.977 cm. and = O.80O cm., 
n was found to  be 2 . 03. In  t h i s  s e r ie s  o f  experim ents, when the  ra d iu s  
o f  th e  c y lin d e r decreased  from 0.977 cm. to  O.80O cm. the  c o n c e n tra tio n  o f  




















the c a lc u la t io n s  by eq u a tio n  (26) re fe r r e d  to  above in d ic a te  th a t  in  th i s  
f a i r l y  narrow c o n c e n tra tio n  range the apparen t o rd e r n o f  the r e a c t io n  i s  
about 2 , in  approxim ate agreem ent w ith  the  conclusion  noted in  S ec tio n  I I ( i )  
A s e r ie s  o f  experim ents was a lso  c a r r ie d  o u t a t  a tem peratu re  o f  
about 15°C, one charg ing  o f  9,845 c .c .  o f  i n i t i a l l y  1.150 M h y d ro ch lo ric  
ac id  being used in  the  t e n - l i t r e  s ta in le s s  s t e e l  r e a c tio n  v e s s e l,  which 
was in  a th e rm o s ta t. The magnesium c y lin d e r  used in  t h i s  s e r ie s  o f 
experim ents had a le n g th  o f  2 cm., and an i n i t i a l  d iam eter o f 4.995 cm.
In  each run the  c y lin d e r  was ro ta te d  a t  a speed o f  800 r .p .m . The 
procedure adopted to  o b ta in  the n ecessary  d a ta  was the  same as  th a t  
described  fo r  th e  f i r s t  s e r ie s  o f experim ents in  t h i s  S ec tio n . Table 25 
con ta in s the v a lu es  o f  r a d iu s ,  r ,  and tim e, t ,  fo r  t h i s  s e r ie s  o f  s ix  
experim ents. These d a ta  were used to  c a lc u la te  v a lu es  o f  Xj| by means o f
2
equation  (25) and the  r e s u l t s  a re  inc luded  in  Table 26. The value o f  a
Table 25
















was found to  be 6 .2808. There i s  a s im ila r  tren d  in  the  v a lu es  o f  X. as
1
was found (see  Table 23) in  the  r e s u l t s  fo r  the  r e a c t io n  a t  25°C.
I t  i s  r e a l is e d  th a t  the accum ulation o f  magnesium io n s  in  the l iq u id  
phase a s  rea-ction  p roceeds could be a  com plica ting  f a c to r  in  th e se  s e r ie s  
o f  e x p e r î B é É t s . In sp e c tio n  o f  t'+e X v a lu es  in  each o f  the s e r ie s  o f
95.
experim ents w ith  about te n  l i t r e s  o f  a c id , one s e r ie s  a t  25^C and the  
o th e r  a t  15°C, shows th a t ,  fo r  a l l  o rd e rs  in v e s t ig a te d ,  (and hence k^) 
f a l l s  over the  experim ent as  a w hole. T his would supp o rt the  id e a  th a t  the  
change o f  medium a f f e c t s  the  r a te  c o n s ta n t. I f ,  however, the  e a r ly  r e s u l t s  
fo r  X^ a re  looked  a t  in  Table 23, i t  i s  seen  th a t  X  ^ i s  c o n s tan t to t  
up to  1,380 seconds. Xj*-„ over th e  same p e rio d  o f  o b se rv a tio n s  r i s e s  (and 
l a t e r  f a l l s ) ,  w ith  a  v a r ia t io n  to  1,380 seconds o f  -  2^  w hile the  v a r ia t io n  
in  Xg over the  same p e r io d  i s  about -  12^. Thus i t  i s  no t p o s s ib le ,  fo r  the  
e a r ly  p a r t  o f  the  r e a c t io n ,  to  d is t in g u is h  between f i r s t  o rd e r and th re e  
ha lv es  o rd e r  a s  a  b e s t f i t ,  and i t  i s  on ly  when one co n sid e rs  the lo n g e r 
tim es which in v o lv e  co n sid e rab le  a l t e r a t io n  in  th e  com position o f  the  s o lu tio n  
th a t  X  ^ becomes th e  more a p p a re n tly  t r u e .
94.
Table 26
Time o f  g 4 2
Experim ent, r ,  cm / r  ’ ( r  +a ) j h X.
t  sec L V














2.1950 0.06579 . ;
















I l ( l )  T ables o f  R e su lts  ob ta ined  from W eight-Loss D eteiro inations 
fo r  the  H ydroch loric  Acid /M agnesium R eaction
T his s e t  o f  ta b le s  co n ta in s  the  c o lle c te d  r e s u l t s  fo r  th i s  r e a c tio n  
where th e re  were u su a lly  only sm all changes in  th e  com position o f  the 
medium-, hence the r a te  co n s ta n ts  k were c a lc u la te d  assuming mean c y lin d e r  
d iam eters and mean a c id  co n c e n tra tio n s  and a f i r s t  o rd e r r e a c t io n .  As 
po in ted  o u t e lsew here , th e  l a t t e r  assum ption may no t be j u s t i f i e d  over 
a l l  the range o f  a c id  c o n c e n tra tio n  in v e s t ig a te d , bu t the  values 
c a lc u la te d  here  may be s u i ta b le  fo r  comparison p u rp o ses .
Table 27
Curved S urface R e su lts  w ith  2 cm.
Diam eter C y linders
Rate 'C o n s ta n t ' k ( cm/min)
Temperature M olarity  o f ———— — ——
_ _ _ ^ c ________ Acid 200 r .p .m . 1,000 r .p , ,m. 4,000 r.p .m .
25 - 1° 0.004 1.25
0.0659 0.55 1. 28(4) 5 .45
1.17 5.15
1.45 2 .67(2) 5'55 5 .20
14 ± 1° 0.0659 0.35 0.89 2.28
1.17 2 . j 4
1.45 1. 40(2) 1.97 5.54
1.9 2 ,75 (2 ) 5 .95
2.85 4.51 4 .57 (2 )
5 - 1° 0.065 0.27 0.65 1.65
1.45 0 .68 1.19 1.96
1.9 1.55 2.46
The numbers in  p a ren th ese s  in  T able 27 show the  number o f 
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The v a lu es  o f  k in  Table 28 could be c o rre c te d  fo r  the  v a r ia t io n
0 4in  r a d iu s .  I f  d if fu s iv e  c o n tro l were dominant k cC r  " : i f  chem ical
c o n tro l were dominant, kO i^r^ . Hence an approxim ate c o r re c tio n  fo r
th ese  f a i r l y  co n cen tra ted  a c id s  can be made by c o r re c tio n  the k v a lu es
0 .2to  a  mean ra d iu s  by u s in g  the r e la t io n  k ^ ^ ^ O ^ r ° . S t r i c t l y  the
0 4r e la t io n s h ip  kC< r  “ a p p lie s  when k i s  a u n i t  f i r s t  o rd e r  r a te  co n stan t 
fo r d if fu s iv e  c o n tro l w ith in  th e  Reynolds Number range o f  1,000 to  about 
100,000. The c o rre c te d  k v a lu es  a re  inc luded  in  Table 29»
The r e s u l t s  in c lu d ed  in  T ables 30 and 31 a re  from experim ents in  
which the  low er f l a t  ends o f  c y lin d e rs  were exposed to  a t ta c k  by 
















Rate 'C o n s ta n t ' k. (cm/min)
200
r.p .m ,
0 . 74( 3)
0 .69 (9 )
0 .61(3 )
0 . 86(4)






2 .38 (4 )
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Il(m ) E x tension  o f Work to  Acids o th e r  than  H ydroch loric  A c id ,in
P a r t i c u la r  to  Determine Chemical Rate C onstan ts by R o l le r ’s Method
A number o f a c id s  was chosen fo r  in v e s t ig a t io n ,  rang in g  from
a c e t ic  ac id  (thermodynamic d is s o c ia t io n  co n s tan t o f  1-75 x 10 ^ a t  25°C)
to h y d ro c h lo ric  a c id . Table 32 l i s t s  th e se  a c id s  to g e th e r  w ith  the
corresponding thermodynamic d is s o c ia t io n  constants^^^^ a t  25°C.
Table 32
(9)
Name o f  Acid Thermodynamic D isso c ia tio n
C onstant
A ce tic 1.75 X 10"5
Formic 21.4  X 10~5
Phenoxyacetic 67.5 X 10"5
C it r ic = 73.0 X 10"^
Kg = 1.7 X 10“^
-  0 . 04l X 10"^
S a l ic y l ic 125.0 X icT^
M onochloracetic 150.0 X 10*5
“5Benzene sulpho n i c 279.0 X 10 ^
T r ic h lo ra c e t ic 3 , 000.0 X io ”^
H ydrochloric Large
nents w ith  0.105 M A cetic  Acid a t  25°C
I t  has been p o in ted  ou t in  Section  I l l ( b ) t h a t  R o l l e r 's  method 
re q u ire s  the  d e te rm in a tio n  o f  the o v e ra l l  r a te  c o n s ta n ts  a t  d i f f e r e n t  speeds 
o f re v o lu tio n  o f  the so lid *  T herefore i t  was decided  to  determ ine th ese  
co n s tan ts  fo r  the  r e a c tio n  between the magnesium c y lin d e r  and the a c e t ic  a c id  
a t  speeds o f  200, 300 and 400 r .p .m . The experim en ta l method adopted was to
100.
follow  the  course o f r e a c tio n  by n o tin g  the volume o f hydrogen gas evolved a t  
d e f in i te  in te r v a l s .  In  each experim ent 400 c .c .  o f f re sh  O.IO5 M a c e t ic  
acid was used, and a d i f f e r e n t  magnesium cy lin d e r was used each tim e. The 
cy lin d ers  were a l l  nom inally  2 cm. d iam ete r, but th e i r  d iam eters d if f e re d  
s l ig h t ly .  Each c y lin d e r  had a le n g th  o f 3*95 cm. Table 33 summarises the  
r e s u l t s  o b ta in ed  in  the  experim ents.
Table 33
Time in  
m inutes Experim ent a t  
200 r .p .ra . 
Atmos, p re ssu re  
761.8 ra.m.
Volume in  c .c ,
Experim ent a t  
300 r .p .m .
Atmos, p re ssu re  = 
758.3 m.m.
Read a t  I .3  m inutes 
Read a t  2.5  m inutes 
Read a t  14,5 m inutes
Experim ent a t  
400 r .p .ra , 
Atmos, p re ssu re  
75808 m.m.
1 8 . 4* 7*5 -
2 13. 4° 14.3 14.7
3 15*7 20.7 22.2
4 20.4 27*1 29*7
5 25.0 35*2 37*1
6 29.6 39*4 44.0
7 34.0 45*4 50.9
8 38.4 51*1 57*7
9 42.6 56.8 64.3
10 47.0 62.3 70 .6
11 51.1 67.8 77*2
12 55*2 73*2 83*5
13 59*2 78.4 89.6
14 63*1 83.7 95*6





At a  speed o f  500 r .p .ra .,, the  r a te  o f  e v o lu tio n  o f  gas was too 
ra p id  fo r  a c c u ra te  measurement, the  gas b u re t te  f i l l i n g  up w ith  hydrogen 
in  about e ig h t  m inu tes.
400 c . c .  o f  0.105 M a c e t ic  a c id  would l i b e r a t e  529*1 c . c .  o f  hydrogen 
gas a t  25°C and (761 .8  -  25 .8) m.m. mercury p re s s u re .  T here fo re  fo r  the  
experim ent a t  200 r .p .m . ,  = 521.9 c .c .  The v a lu es  in  th e  f i r s t  aind
second columns o f  Table 34 have been c a lc u la te d  u sin g  th i s  value  f o r  H
( i . e .  u s in g  1 . 5  m in. a s  t  ) .
Table 34


















F ig u re  18 shows a  log^^^(H^-H^) v e rsu s  t  p lo t ,  and th e  s lo p e  m o f 












c y lin d e r  was 0.7750 , w hile  th e  average f i n a l  d iam ete r was 0 . 77^5 •
T here fo re  the  average a re a  A o f  th e  curved su rfa c e  = 24.41 sq .cm . Hence
th e  observed  f i r s t  o rd e r  r a te  co n s ta n t k i s  given by,
k = — - — = 0 . 144( 2) cm/rain.
T ab les 55 and 56, and F ig u re s  19 and 20 g ive th e  d a ta  n ece ssa ry  to  
c a lc u la te  th e  k v a lu es  fo r  th e  experim ents w ith  c y lin d e r  r o ta t io n a l  speeds 
o f  500 r .p .m . and 400 r .p . r a . ,  r e s p e c t iv e ly .  For th ese  two experim ents 
mean d^ v a lu es  were 0 ,785  and 0.7841 , mean d^ v a lues were O.7816 and 
0 ,7822 , th e  A v a lu es  were 24.7  and 24.69 sq . cm. F ig u res  19 and 20 y ie ld
m v a lu es  o f  -  0 . 00540( 6) and -  0 .00626(9) and hence k^^^ = 0 . 192(5) and
^400 ~ 0 .2 2 9 (1 ) cm/min.
Table 55
Experim ent a t  a  r o ta t io n a l  speed o f  500 r .p .m .
= 551*8 -  6 .5  = 525.5  c .c .
%0-B t logio(H o-H t) t  (m in .)
518.7 2.7149 1
















E xperim en t a t  a  r o t a t i o n a l  speed  o f  400 r .p .m ,
H = 531 .4  -  13.5 = 517 .9  0. 0.
Ho-Ht t  (rainé)
5 1 0 .4 2 .7079 1
5 0 2 .9 2.7015 2
4 9 5 .5 2.6950 3
4 8 8 .6 2.6889 4
4 81 .7 2 .6827 5
4 7 4 .9 2 .6766 6
4 6 8 .3 2 .6705 7
4 6 2 .0 2 .6646 8
4 5 5 .4 2 .6584 9
449.1 2 .6523 10
4 4 3 .0 2 .6464 11
4 3 7 .0 2.6405 12
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In  Table 57 a re  inc lu d ed  the  d a ta  n ecessa ry  to  c a lc u la te  v a lu es  o f
k^ , th e  chem ical r a t e  c o n s ta n ts .
Table 57
B ( r .p .m .) k (cm/min) 0 .8S ( % 0 8 )  
X 10^
1o6io 3° 'S lo g io k
200 0 . 144(2) 69.31 2.081 1.8408 Î.1590
300 0.192(3) 95.87 2.006 1.9817 1.2840
400 0.229(1) 120.7 1.898 1.0817 Ï.3600
F u ll  d e t a i l s  w i l l  now be given o f  th e  c a lc u la t io n  o f  by means 
o f  eq u a tio n  (4o ) ,  S ec tio n  I l l ( b ) .  Now s e t t in g  R = 2 i n  eq u a tio n  (47) o f  
S ec tio n  I l l ( b ) , th e re  i s  o b ta in ed :
Z ^ - ~ - . Z  + ~ - 1  = 0   ( 1) .mg
Since R = (S g /s ^ )^ “^ = 2 and, by cho ice , = 200 r .p .m . ,  then  
= 475.5 r .p .m . Also m = N  = °- ~ a H  = 0.002081





From a  p lo t  o f  log^^k v e rsu s  lo g ^ ^s  (F ig u re  21) ,  i t  i s  found th a i  
kg = 0.2588 cm/min. T herefore ra  ^ = 0 . 001867.
• • •  ' i  -  ÈS •  '■ ’ «2
. ’ . E quation  ( 1) becomes: -  1.115 Z + 0.115 = 0 .
f ig u ré ' 2i
'ioSi
-0 .6 0




-0 .9 0 iXi1 2o702.40 2 .502.20
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S o lu tio n  o f  t h i s  eq u a tio n  shows th a t  the  on ly  p e rm is s ib le  va lue  o f  Z i s  
0 . 115. Since Z = 1 -  m^x and x = /g ,  i t  fo llo w s th a t  
B = m y o .885 = 0 , 00211.
E quation  (2) o f  S ec tio n  I l l ( b )  g iv es  k = -  B s^ '^ lo g  ( 1  ^ ” 5“  /
 ^ ®  ^ Bs /
S u b s t i tu t in g  th e  d a ta  from the  experim ent a t  200 r .p .m . ,  in  t h i s
eq u a tio n  th e re  i s  o b ta in ed :
kc = -  2-303 X 0.00211 X 69.31 log^^ ^1 -  69 .31^ ^ 0.00211  
= 0 ,629  cm/min.
By co rrespond ing  s u b s t i tu t io n s  i s  found to  be O.608 cm/min a t  
300 r .p .m , and O.585 cm/min a t  400 r .p .m .
Experim ents w ith  O.O26O M A cetic  Acid
In  view o f  the  f a c t  th a t  the r a te  o f  e v o lu tio n  o f  hydrogen was so 
g re a t  a t  a r o ta t io n a l  speed o f  500 r .p .m . w ith  0,105 M a c e t ic  a c id ,  i t  was 
decided  to  perform  some experim ents w ith  more d i lu te  a c id  so t h a t  th e  range 
o f  r o ta t io n a l  speeds in v e s t ig a te d  could be ex tended . Table 3^ c o n ta in s  a  
summary o f  th e  r e s u l t s  o f  th e se  experim en ts.
Table 38
s ( r .p .m .) 0.86 k (cm/min) ( k / s ^ ‘^) X 10^
200 69.23 0.191 2 .76  -
300 95.98 0.211 2,20
400 120.8 0.242 2 .00
500 144.3 0.258 1.79
600 167.0 0.367 2.20
700 188.8 0 .376 1.99
800 210.1 0 . 4l 4 1.97
885 227.8 0.441 3.94
I f  R o l l e r 's  method i s  a p p l ic a b le ,  th e  v a lu es  in  th e  fo u r th  column 
ought to  d ecrease  ap p re c ia b ly  a s  th e  r o ta t io n a l  speed in c re a s e s , bu t t h i s  
i s  n o t th e  case h e re . T here fo re  i t  was decided  n o t to  p la ce  r e l ia n c e  on
th e se  r e s u l t s  fo r  the  c a lc u la t io n  o f  k .c
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E xperim ents w ith  0 .0254 M M onochioracetic  Acid
400 c .c .  o f  a c id  were used in  each experim ent, one w ith  a  c y l in d e r
speed o f  200 r .p .m . ,  one w ith  a  speed o f  400 r .p .m . ,  and a th i r d  
experim ent w ith  a  speed o f  800 r .p .m . In  each experim ent a  w eigh t lo s s  
d e te rm in a tio n  was c a r r ie d  o u t, and in  each case i t  was found t h a t  co n s id e ra b ly  
le s s  hydrogen was produced than  corresponded to  th e  lo s s  in  w eigh t o f  
the  magnesium c y l in d e r ,  e .g .  th e  w e i ^ t  lo s s  in  th e  experim ent d u rin g  
which th e  c y l in d e r  r o ta te d  a t  800 r .p .m . was 9 0 .6  m illig ra m s , w hereas 
th e  volume o f  hydrogen produced was only  79.4  c . c .  a t  25°C and 
(758 .0  -  2 3 .8 ) m.m. m ercury p re s s u re . Under th e se  c o n d itio n s , i f  a l l  th e  
hydrogen d is p la c e d  by 9 0 .6  m illig ram s o f  magnesium from th e  a c id  appeared  as  gas, 
th e  t o t a l  volume would have been about 94 c . c .  C onsequently  i t  was su sp ec ted  
th a t  some o f  th e  (n ascen t)  hydrogen was used up in  red u c in g  th e  mono- 
c h lo ra c e t ic  a c id ;
2[H] + Cl.CHg.COOH --------> CH^*COOH + HCl
An aqueous s o lu tio n  o f  c h lo ro a c e tic  a c id  was p rep a red  and a  few
drops o f  s i l v e r  n i t r a t e  s o lu tio n  added; no p r e c i p i t a t e  formed, showing 
th a t  s i l v e r  c h lo ro a c e ta te  must be f a i r l y  s o lu b le .  Next a  few p ie c e s  o f  
magnesium were p laced  in  an o th e r c lean  t e s t  tube and a  few c .c .  o f  aqueous 
c h lo ro a c e tic  a c id  s o lu tio n  added. T h is  r e a c t io n  m ix tu re  was l e f t  f o r  j
f iv e  m inu tes w ith  hydrogen e v o lu tio n . At th e  end o f  t h i s  tim e th e  m ix tu re  
was f i l t e r e d ,  and a  few drops o f  s i l v e r  n i t r a t e  s o lu t io n  were added to  
th e  f i l t r a t e .  An immediate w hite  p r e c i p i t a t e  form ed. The u su a l t e s t s  
showed t h i s  to  be s i l v e r  c h lo r id e . Hence n a sc e n t hydrogen r e a c ts  w ith  
c h lo ro a c e tic  a c id  to  y ie ld  hydrogen c h lo r id e .  The re d u c tio n  was n o t 
m entioned in  p re v io u s  work on th e  m onoch lo roacetic  acid/m agnesium  r e a c t io n .
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T his dem onstra tes  the  reason  fo r  the d isc rep an cy  in  the  
q u a n t i ta t iv e  work. N e ith e r r e s u l t  i s  c o r re c t  fo r  the  r a te  o f d is s o lu t io n  
o f magnesium in  th e  ch lo ro a c id ; the  tru e  r e s u l t  i s  p robab ly  between the  
two r e s u l t s .
Experim ents w ith  0.0250 M P henoxyacetic  Acid
An experim ent was perform ed w ith  400 c .c .  o f  the  phenoxyacetic  ac id  
and a magnesium c y lin d e r  o f  nominal d iam eter 2 cm. r o ta t in g  a t  800 r .p .m .
The r e a c t io n  was very  slow as on ly  5=1 c .c .  o f  gas was c o lle c te d  in  the 
b u re t te  in  59 m inutes and th e  c y lin d e r  l o s t  3=8 m illig ram s in  w e i ^ t .  The 
c y lin d e r  su rfa c e  was r a th e r  rough b u t b r ig h t .  Because o f  the  very  slow r a te  
o f  r e a c t io n ,  i t  was decided  n o t to  con tinue f u r th e r  w ith  experim ents u s in g  t h i s  
a c id .
E xperim ents w ith  More C oncen trated  Acids
The r e a c tio n s  between magnesium c y lin d e rs  and more co n cen tra ted  
a c id s  (range from about 0.3  M to  about 0.5  M) were follow ed by w eight lo s s  
d e te rm in a tio n s . In  each case i t  was assumed th a t  the  r e a c t io n  was o f  the 
f i r s t  o rd e r w ith  re s p e c t to  the c o n c e n tra tio n  o f  the  a c id , a lthough  in  the  
case o f  0 , 294-2 M form ic ac id  i t  v/as e x p e rim en ta lly  dem onstrated  th a t  a t  
25°C the  re a c tio n  was o f  the  f i r s t  o rd e r  th ro u g h o u t. D e ta i ls  o f  the  
experim ent perform ed are  given below.
Experim ent to  d e te rm in e ’.the K in e tic  O rder o f  th e  R eac tion  between 
0. 294-2 M Formic Acid and Magnesium a t  a Tem perature o f  25°C
A magnesium c y lin d e r  o f d iam ete r 5=0 cm, was chosen fo r  the  experim ent
and i t s  f l a t  top end and a l l  o f  i t s  curved su rfa c e  covered w ith  co llo d io n
f le x ib le .  I t  was decided to  r o ta te  the  c y lin d e r  a t  500 r .p .m . w ith  i t s
exposed low er end ju s t  d ipp ing  below the  su rfa c e  o f  the form ic ac id
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contained  in  a 600 c .c .  b eaker, which was p laced  in  a th e rm o sta t m ain ta ined  
a t  25°Co One charg ing  o f  200 c .c .  o f  form ic a c id  was used fo r  the  
experim ent, and the  lo s s  in  w eight o f  the  c y lin d e r  was determ ined  a t  
in te r v a ls  in  th e  u su a l way, i . e .  by c a re fu l ly  w ithdraw ing i t  from the  
a c id , follow ed by washing and d ry in g  b efo re  w eighing . A fte r  each w eighing, 
the c y lin d e r was c a r e fu l ly  re - in tro d u c e d  in to  the  ac id  w hile r o ta t in g  
a t  500 r .p .m . The p rocedure  was re p e a te d  u n t i l  the  form ic ac id  had been 
v i r t u a l l y  exhausted , and th e re  was no f u r th e r  lo s s  in  w eight o f  the c y lin d e r .
The s o lu tio n  c a p a c ity  a o f  th e  ac id  = 0.200 x 12. 16 x 0 . 294-2 = O.7152 , 
o f magnesium. L et x denote th e  w eight in  grams o f  magnesium th a t  has 
d is so lv e d  in  tim e t  m inutes from the  commencement o f  th e  r e a c t io n .  Then 
a - X i s  p ro p o r tio n a l to c^, the  c o n c e n tra tio n  o f  a c id  a t  tim e t .  I f  the  
r e a c tio n  i s  o f  the  f i r s t  o rd e r  w ith  re s p e c t to  form ic ac id  c o n c e n tra tio n , 
then a p lo t  o f  lo g ^ ^ (a -x ) v ersu s  t  should give a  s t r a i g h t  l i n e  graph . The 
necessary  d a ta  a re  in c lu d ed  in  Table 39= F igure  22 shows th a t  a p lo t  o f  
log^^Ca-x) does in  f a c t  g ive a  s t r a i g h t  l i n e  graph, th e reb y  showing th a t  the 
re a c tio n , under the  s ta te d  co n d itio n s , i s  o f  th e  f i r s t  o rd e r  w ith  r e s p e c t  to 
the co n ce n tra tio n  o f  form ic a c id .
Table 39
t(m in) X (grams) (a -x ) grams lo g ^ ^ fa -x )
10 0.2267 0.4883 -0 .3112
20 0.3748 0.3748  - 0.4680
30 0.4888 0.2264 - 0.6431
4o 0.3614 0.1338 -0 .8130
33 0.6248 0.0904 -1 .0438
73 0.6703 0.0447 -1 .3497
103 0.6722 0.0430 -1 .3663
F igu re  23 shows the  graph o b ta in ed  by p lo t t i n g  ( -  -  ) v e rsu s  t .
I f  the r e a c t io n  between the  magnesium and th e  form ic a c id  were o f  the  second 
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a s t r a i g h t  l i n e  g raph« The f a c t  th a t  the  graph o f  F igure  23 i s  a curve
shows th a t  th e  r e a c t io n  i s  low er than  second o rd e r«
D eterm ination  o f  k fo r  th e  M agnesium-Acetic Acid R eaction
Six experim en ts, in  which the r a te  o f  re a c t io n  was fo llow ed by
weight lo s s  d e te rm in a tio n s , were perform ed a t  a tem peratu re  o f  25°C w ith
0.5288 M a c e t ic  a c id .  One c y lin d e r , le n g th  3»95 cm. and i n i t i a l  nominal
d iam eter 2 cm., was used fo r  a l l  the  s ix  experim en ts, b u t i t s  speed
of re v o lu t io n  was v a r ie d  from experim ent to  experim ent, th e  s ix  speeds
used b e ing  J>00 r .p .m . ,  400 r .p . r a . ,  500 ry p .m ., 6OO r .p .m .,  ?00 r .p .m . and
800 r .p .m . The r e a c t io n  v e s s e l c o n s is te d  o f a 6OO c .c .  beaker clamped
v e r t i c a l ly  in  a th e rm o s ta t.  At the  beg inn ing  o f  each experim ent, 400 c .c
of f re s h  ac id  were p ip e t te d  in to  th e  c lean  b eak e r. The r e a c t io n  was allow ed
to proceed  fo r  th re e  m inu tes in  each ru n . Rate c o n s ta n ts  k were c a lc u la te d
by means o f th e  form ula k =  ^ lo g  _ (— 3^-—) .  In  a l l  o f  th e seAc nu a — X
experim ents the s o lu tio n  c a p a c ity  a = 2.572 grams o f  magnesium. The 
c a lc u la te d  v a lu es  o f  k a re  in c lu d ed  in  Table 40
Table 40
S r .p .ra . log^^S k cm/min log^^k
2.4771 0.1695 -0 .7708
400 2.6021 0.1986 -0 .7020
500 2.6990 0.2279 - 0.6423
6^0 2.7782 0.2396 -0 .6205
700 2,8451 0.2504 - 0.6014
800 2.9031 0.2622 -0 .5814
A l e a s t  sq u ares  tre a tm e n t was ap p lie d  to  th e  log^^S and log^^k v a lu es  
and the  b e s t  l i n e  th rough  the  log^^k v e rsu s  log^^S p o in ts  had a  s lope o f
0 . 4422.
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A nother s e r ie s  o f  fo u r s im i la r  experim ents was c a r r ie d  o u t a t  
a tem pera tu re  o f  15°C, u s in g  400 c .c .  o f  f re s h  O.508O M a c e t ic  a c id  each 
tim e. The same c y l in d e r ,  lengfK  3«95 cm. and i n i t i a l  d iam ete r 2 .0  cm, was 
used th roughou t t h i s  s r i e s  o f  experim en ts. I t s  d iam ete r was c a re fu l ly  
measured b efo re  and a f t e r  each experim ent so th a t  an average a re a  A could 
be c a lc u la te d  fo r  the  curved r e a c t io n  s u r fa c e . The r o ta t io n a l  speeds o f  
the c y lin d e r  w ere, r e s p e c t iv e ly ,  300 r .p .m . ,  500 r .p . r a , ,  8OO r .p .m . and 
1,200 r .p .m . In  each experim ent the  r e a c t io n  was allow ed to  proceed  fo r  
5 m in u tes . V alues o f  th e  r a te  co n s ta n t k , c a lc u la te d  by th e  form ula quoted 
above, a re  in c lu d ed  in  Table 4l .
Table 4l
S r .p .m . log^^S k cm/min log^^k
300 2.4771 0.09992 -1 .0003
500 2,6990 0.1236 -0 .9080
800 2.9031 0.1670 -0 .7773
1,200 3.0792 0.1916 -0 .7177
A l e a s t  sq u a res  b e s t  l i n e  th rough th e  lo g ^ ^ k /lo g ^ ^ s  p o in ts  has a 
slope o f  0 .4876 .
For th e  purpose o f  c a lc u la t in g  r a te  c o n s ta n ts  an average slope  
was used , v iz ,  0 . 465, T his p rocedure  could in tro d u c e  an e r r o r  i f  bo th  
tr a n s p o r t  c o n tro l and chem ical c o n tro l were s ig n i f i c a n t  and i f  the  two 
p ro cesse s  had very  d i f f e r e n t  a c t iv a t io n  e v e rg ie s ; b u t over a  sm all 
tem peratu re  in t e r v a l  w ith  r e a c t io n s  no t having very  d i f f e r e n t  a c t iv a t io n  
e n e rg ie s , t h i s  av erag in g  i s  l i k e ly  to  smooth o u t in d iv id u a l  e r r o r s .  Average 
s lo p e s  were used s im i la r ly  fo r  form ic a c id , benzene su lphon ic  aci|id and 
h y d ro c h lo ric  a c id .  In  t h i s  way th e  two weak a c id s  were sep a ra ted  from th e  two 
s tro n g  on es .
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In  the  caae o f  a c e t ic  a c id ,  taken  as  an example, the  p rocedure 
a d o p t e d fo r  c a lc u la t in g  r a te  c o n s ta n ts  was as  fo llo w s . The r a te  co n s ta n t k  
a t  a  speed o f  750 r .p .m . a t  15°u , t h i s  speed be ing  the m id -p o in t o f  the  range 
o f speeds used a t  t h i s  tem p era tu re , was c a lc u la te d  from th e  l e a s t  sq u ares  
s t r a i g h t  l i n e :
l o g ^ Q k  =  0 . 4 8 7 6  X  2 . 8 7 5 1  -  2 . 2 1 0 8
= -O080880
The average s lo p e  r e s u l t  i s  th u s , O.8088 = 0.465 x 2.8751 " X, so the
new in te r c e p t  X = 2 . 1458. Hence th e  eq u a tio n  fo r  c a lc u la t in g  r a te  co n s ta n ts
a t  15 0 i s :
log^^k = 0.465 log^gS -  2.146 ( 1 )
S im ila r ly  the  eq u a tio n  fo r  c a lc u la t in g  k v a lu es  a t  a tem peratu re  o f 
25°0 was found to  be:
log^^k = 0.465 log^^S -  1.917 ( 2 )
Table 42 in c lu d e s  the  v a lu es  o f  k , c a lc u la te d  by means o f  eq u a tio n  ( I ) ,  
a t  the  co rrespond ing  v a lu es  o f  th e  experim en ta l speed S.
Table 42
r—
! S r .p .ra . lo g io S k cm/min k cm/min c '
1 500 2.4771 -0 .9 9 4 0.1014 0.250
500 2.6990 -0 .891 0.1285 0.257
800 2.9051 -0 .796 0.1599 0.255
1,200 5,0792 - 0.714 0.1952 0,283
The v a lu es  o f  k^ a t  15°C, given in  the l a s t  column o f  Table 42 , 
were c a lc u la te d  by th e  p rocedure  d iscu ssed  in  d e t a i l  e a r l i e r
in  t h i s  S e c t io n .  S  ^ was chosen as  3OO r .p .m . ,  and w ith  R = 2 , S^ = 715=9 r .p .
log^^k^^^ ^ was c a lc u la te d , by means o f eq u a tio n  ( I ) ,  to  be -O .819, so
ky^^ ^ = 0.1517 cm/min. The value o f  the  co n s tan t B was found to  be 0 . 001192.
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In  Table 43 a re  in c lu d ed  the  v a lu es  o f  k a t  th e  co rrespond ing  
experim en ta l speeds S, c a lc u la te d  by means o f  eq u a tio n  (2 ) .  The v a lu es  
o f  in  th e  l a s t  column o f  t h i s  ta b le  were c a lc u la te d  by th e  p rocedure
Table 43
S r.p .m . log^oS loS io^ k oa/min k cm/min I 
 ^ 1
300 2.4771 -0 .765 0.1718 0.421 1
400 2.6021 -0 .707 0.1963 0.398 I
500 2.6990 -0 .6 6 2 0.2177 0.400 I
600 2.7782 -0 .6 2 5 0.2372 0.409 1
700 2.8451 -0 .5 9 4 0.2547 0.420
800 2.9031 -0 .5 6 7 0.2710 0.413
o f  S ec tio n  I l l ( b ) .  Taking 8^ = 300 r .p .m . and R = 2 , S^ = 713-5 r .p .m . 
E quation  ( 2) gave a  value  o f - 0.390 fo r  log^^k^^^ so 5 “ 0,257 cm /$in.
The c a lc u la te d  va lue  o f  B was 0 , 002022.
The average value o f  k^ a t  a  tem pera tu re  o f  15°C i s  0.256 cm/min and 
the  average a t  a  tem pera tu re  o f  25°C i s  0.413  cm /m in., g iv in g  a  tem peratu re
c o e f f i c ie n t  o f  *• I .6 0 .
Determ ination o f  k  ^ fo r  the Magnesium-Formic Acid  R eaction
Three experim ents s im ila r  to those described  in  the l a s t  se c t io n
were carried  out w ith  0*2923 M formic acid  a t 15°C. The s in g le  cy lin d er used
bad an I n it ia l  diameter o f 2.403 cm. Speeds o f revolution uaedt one in  
each experiment I were 200* 500 and 80O r.p.m. In each eigperiment the 
rea ctio n  was allowed to proceed for 10 m inutes. Values o f  the ra te  constant k , 
ca lcu la ted  by means o f  the in tegrated  form o f  the f i r s t  order equation, are 
included in  Table 44 .
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Table 44















The b e s t  s t r a i g h t  l i n e  through the  log^^S v e rsu s  log^^k p o in ts  
has a  s lope  o f  0 . 6314,
Six s im i la r  experim ents were perform ed a t  a tem peratu re  o f  25^0 
w ith  0.2937 M form ic a c id .  T h is  tim e, however, th re e  c y lin d e rs  were used .
They each had the same le n g th , 3-95 cm., b u t t h e i r  d iam ete r d i f f e r e d  s l i g h t ly ,  
a lth o u g h  they  were a l l  nom inally  2.5  cm. d iam ete r c y l in d e rs .  The time 
allow ed fo r  th e  r e a c t io n  in  each experim ent was 10 m in u tes . In  Table 45 
a re  in c lu d ed  v a lu es  o f  the  r a te  co n s tan t k , c a lc u la te d  by the f i r s t  o rd e r 
eq u a tio n , fo r  the s ix  experim ents to g e th e r  w ith  the  co rrespond ing  speeds 
o f  r e v o lu t io n .
Table 45



























The s lope  o f  th e  b e s t  l e a s t  sq u ares  s t r a i g h t  l i n e  through th e  
log ioS /log^O ^ p o in ts  has a s lope  o f  O .659I.
For th e  purpose o f  c a lc u la t in g  v a lu es  o f  k a t  the  two te m p era tu res ,
the  average o f  th e  two s lo p e s , 0 . 645, was used . The same p rocedure  as  th a t  in  th e
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p rev io u s  s e c tio n  was fo llow ed , and th i s  le d  to th e  fo llo w in g  two eq u a tio n s  
fo r  c a lc u la t in g  v a lu es  o f  k ;
At 15°c . . . . . .  log^gk = 0.645 log^^s - 2.226 . . . . . .  (3)
At 25°C . . . . . .  log^pk = 0.645 log^^S -  2.125    (4)
In  Table 46 a re  in c lu d ed  the  v a lu es  o f  k c a lc u la te d  by eq u a tio n  (3 ).
Table 46
S r .p .m . log^O^ log^ok k cm/min k^ cm/m
200 2.3010 -0 .7419 0.1812 0.719
500 2.6990 - 0.4831 0.3273 0.740
800 2.9031 -0 .3333 0.4431 0.877
The v a lu es  o f  k in  th e  l a s t  column were c a lc u la te d  a s  in  the  l a s t  c
s e c tio n ,  w ith  a c a lc u la te d  value o f  B o f 0 , 002674.
Table 47 in c lu d e s  the  v a lu es  o f  k c a lc u la te d  by eq u a tio n  (4) .
Table 47
S r .p .m . log^^S log^^k k cm/min k^ cm/min
200 2.3010 - 0.6409 0.2286 -
300 2.4771 -0 .3273 0.2970 0.947
400 2.6021 - 0.4466 0.3576 0.949
500 2.6990 - 0.3841 0.4130 0.994
630 2.8129 -0 .3107 0.4890 1.078
800 2.9031 -0 .2323 0.3391 1.165
The c a lc u la te d  value o f  th e  co n s tan t B used to  c a lc u la te  the  v a lu es  
o f  k^ in  th e  l a s t  column i s  O.OO3298.
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Experim en ts  wi t h  B enzenesulpho n ic  Acid _at 13°C
A s im i la r  s e r ie s  o f th re e  experim ents a t  r o ta t io n a l  speeds o f  
200, 500 and 800 r .p .m . r e s p e c t iv e ly  was perform ed w ith  0.4191 M 
benzenesu lphonic a c id .
The same c y l in d e r , o f  i n i t i a l  d iam eter 2 .306 cm and le n g th  3.93 cm., 
was used in  a l l  o f  the th re e  experim en ts. As a r e a c t io n  v e sse l the  same 
600 c .c .  g la s s  beaker a s  was used in  the  p rev io u s  s e r ie s  o f  experim ents was 
u sed . 400 c .c ,  o f  f re s h  0.4191 M ac id  were p laced  in  the  beaker a t  th e  
beg inn ing  o f  each experim en t. The time allow ed fo r  each experim ent was f iv e  
m in u tes . F i r s t - o r d e r  r a te  c o n s ta n ts  were c a lc u la te d  by means o f  the  
in te g ra te d  form o f the  f i r s t - o r d e r  r a te  eq u a tio n , and i t  was found th a t  
the  b e s t  s t r a i g h t  l i n e  through the  log^^k v e rsu s  log^^S p o in ts  had the 
eq u a tio n
log^^k = 0.3464 log^^S -  1.124 ............ (2)
With = 300 r .p .m . ,  = 713=4 r .p .m . By means o f  eq u a tio n  (2)
k^ = 0.3426 cm/min. and k^ = 0,7325 cm/min. The value  found fo r  B was
0.007367. E quation  (2 ) was used to  c a lc u la te  k^, th e  o v e ra l l  r a te  co n s tan t
a t  th e  in te rm e d ia te  speed o f  500 r .p . r a . ,  g iv in g  a  value o f 0.6476 cm/min.
The value  found fo r  k , u s in g  th e  value o f  0.6476 cm/min. f o r  k ,  inc 3
eq u a tio n  (4o), S ec tio n  I l l ( b ) , was 1.00 cm/min.
E xperim ents w ith  B enzenesulphonic Acid a t  25°C
Four experim ents were c a r r ie d  ou t w ith  benzenesu lphonic ac id  o f 
i n i t i a l  c o n c e n tra tio n  0.3994 M a t  a tem pera tu re  o f  25.5 -  1. 5°C. The same 
600 c .c .  g la s s  beaker a s  th a t  in  the  p rev io u s  s e r i e s  o f  experim ents was used 
a s  th e  re a c t io n  v e s s e l ,  and 400 c .c .  o f  f re s h  a c id  were p la ced  in  i t  a t  
th e  beg inn ing  o f  each experim en t. Three d i f f e r e n t  c y lin d e rs  each o f  nominal
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d iam eter o f 2.5  cm. were used . T h e ir d iam ete rs  were measured bo th  befo re  
and a f t e r  experim ents and mean v a lu es  used in  c a lc u la t in g  the  a re a s  o f  the  
curved s u r fa c e s .  Each c y lin d e r  had a le n g th  o f  3=95 cm. The f l a t  end 
su r fa c e s  o f  each c y lin d e r  were ad eq u a te ly  covered w ith  co llo d io n  f l e x i l e  
b efo re  commencing an experim en t. Speeds o f  re v o lu t io n  used were 200 r .p . r a . ,  
350 r .p .m . ,  500 r .p .ra .  and 800 r .p . r a . ,  r e s p e c t iv e ly .  Each experim ent was 
allow ed to  proceed  fo r  th re e  m inu tes, excep t fo r  th e  one in  which the  
c y lin d e r  r o ta te d  a t  200 r . p . r a . , which was allow ed to  run fo r  ten  m inu tes.
The w eight lo s s e s  reco rded  were used to  c a lc u la te  f i r s t - o r d e r  r a te  c o n s ta n ts  
by means o f  the  in te g ra te d  form o f  the  f i r s t - o r d e r  r a t e  eq u a tio n , and the 
b e s t  s t r a i g h t  l i n e  th rough  the  p o in ts  o b ta in ed  by p lo t t in g  v a lu es  o f 
log^^k v e rsu s  log^^S has the eq u a tio n
log^^k = 0.375 105, 0® '  0.9533 . . . . . .  (2)
In  o rd e r  to  c a lc u la te  the  value fo r  B, S  ^ was chosen to  be 300 r .p .m . so 
t h a t  = 713=4 r .p .m . By means o f  eq u a tio n  (2) ,  i t  was found th a t  
k^QQ = 0,9435 cm/min. and k^^^ ^ = 1.309 cm /min., so th a t ,  by th e  u sua l 
p ro ced u re , B was found to  have a value o f  0 . 01229= Making use o f  
eq u a tio n  (40) ,  S ec tio n  I l l ( b ) , w ith  k^^^ c a lc u la te d  by means o f 
eq u a tio n  (2 ) , k^ was found to  have a value  o f  1.84 cm/min.
Experim ents w ith  S a l ic y l ic  Acid
» .  w  A .  ■■ ■ . 11 m mn ■■ ■ »i ■ iiii rmvjm. ^  ■■mini» .mb i.
As t h i s  ac id  has a l im ite d  s o lu b i l i ty  a t  25°C, a r e l a t i v e ly  d i l u te  
s o lu tio n  o f  m o la r ity  0.0144 was used . Experim ents were conducted w ith  
magnesium c y lin d e rs  o f  nominal d iam eter 2 cm.; a  m icrom eter screw gauge 
was used to  measure t h e i r  d iam ete rs  a c c u ra te ly  b e fo re  commencing the  
experim en ts. C y linder r o ta t io n a l  speeds used were 200 r p .m ., 400 r .p .m . 
and 800 r .p .m . The r e a c t io n  v e s se l used in  th e se  experim ents was th e  same
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500 c .c .  g la ss  con ica l f la sk  as th a t mentioned in  the previous s e r ie s  
o f  experim ents. The course o f  the rea c tio n  was follow ed by n otin g  the 
volume o f  hydrogen gas in  the gas burette  a t  d e f in ite  in te r v a ls  o f  tim e.
In each experiment 400 c .c .  o f  fresh  s a l i c y l i c  acid  so lu tio n  were used.
F ir s t-o r d e r  rate con stan ts, k , for  each experiment were obtained
from p lo t s  o f  va lu es o f  log^g(H^-H^) versus va lu es o f  time- The b est  
s tr a ig h t  l in e  through the log^^k versus log^^s p o in ts  has the equation
log^Qk = 0.300 log^QS -  1.343   ( 1) .
For the. purpose o f  ca lc u la tin g  the value o f  B, o f  equation (4o), 
Section  I l l ( b ) ,  s^ was chosen to be 300 r.p .ra ., so that s^ = 713=4 r.p .m . 
From equation (I )  i t  was found th at k  ^ = O.25I2 smd k^ = 0 . 325g cm ./m in., 
and these va lu es enabled the value o f  B to be ca lcu la ted  as 0 . 00371= 
k^ a t  an interm ediate speed o f  500 r.p .m . was ca lcu la ted  by equation (1)
to be 0.292^ cm ./m in., and th is  value was used to ca lcu la te  a value for
k^ by meems o f  equation (4o ), S ection  I l l ( b ) .  The value found fo r  k^ was
0 . 42  ^ cm./min.
Experiments w ith  C itr ic  Acid
A s e r ie s  o f  f iv e  experim ents w ith  c i t r i c  acid  o f  i n i t i a l  
concentration  0.4684  M was performed a t 15°C w ith  cy lin der r o ta tio n a l  
speeds o f  300, 500, 8OO, 1,500 and 2,500  r .p .m ., r e s p e c t iv e ly . The reac tion  
v e s se l was a 60O c .c .  beaker and 400 c .c .  o f  fresh  acid  was used in  each  
experim ent. The same cy lin d er , i n i t i a l  diam eter 2*342 cm. and len g th  
3.95  cm., was used in  a l l  the experim ents, i t s  curved surface being  
exposed to  the a c id . Each experiment was allowed to proceed fo r  f iv e  
m inutes, and the w eight lo s s  in  th is  time was measured. F ir s t-o r d e r  
rate  constants were ca lcu la ted  fo r  each speed o f  revo lu tion
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by means o f  th e  in te g ra te d  form o f  th e  f i r s t - o r d e r  r a t e  e q u a tio n . The b e s t 
s t r a i g h t  l i n e  th rough  the  log^^k v e rsu s  log^^S p lo t  has th e  eq u a tio n
log^gk = 0.175 log^gS -  1.71   ( 1)
In  o rd e r  to  c a lc u la te  th e  value  o f  the co n stan t B, was chosen to  be 
300 r .p .m . T herefo re  = 713=4 r .p .ra . By means o f  eq u a tio n  ( I ) ,  i t  i s  
found th a t  k ^ ^  = O.O529O cm/rain, and ky^^ ^ = O.O6155 cm/min. By the  
u su a l p ro ced u re , i t  i s  found th a t  B = 0 . 001142. The value o f  k^, the  chem ical 
r a t e  c o n s ta n t, was c a lc u la te d  a t  an in te rm e d ia te  speed o f  500 r ,p .m . ,  the 
co rrespond ing  value o f  k^^^ b e ing  c a lc u la te d  by means o f  equation  ( I ) .
As a r e s u l t s ,  k^ = 0.0713 cm/min.
+ o
A s im i la r  s e r i e s  o f  f iv e  experim ents was c a r r ie d  ou t a t  25 ” 1 Q* 
w ith  c i t r i c  a c id  s o lu tio n  o f  i n i t i a l  c o n c e n tra tio n  0.4726 M, a t  th e  same 
c y lin d e r  speeds as  fo r  th e  p rev io u s  s e r ie s  o f  exp erim en ts . The same 6OO c .c .  
beal:er was used and 400 c .c .  o f  f re s h  ac id  p laced  in  i t  a t  the  beg inn ing  
o f  each experim ent, care  hav ing  been taken  to ensure  th a t  the beaker was 
c lean  and dry  a f t e r  th e  p rev io u s  experim en t. The same c y lin d e r , o f  i n i t i a l  
d iam ete r 2 . 4l 8 cm. and le n g th  3=95cm., was used th roughou t t h i s  s e r ie s  
o f experim en ts. Each experim ent was allow ed to  proceed  fo r  f iv e  m inu tes, 
excep t f o r  the  one a t  a speed o f  2,500 r .p .m . ,  which was allow ed to p roceed  
fo r  th re e  and a  h a l f  m inu tes . F i r s t - o r d e r  r a te  c o n s ta n ts  were c a lc u la te d  in
th e  u su a l way from the  w eight lo s s e s ,  and th e  b e s t  s t r a i g h t  l in e  through
th e  log^^k v e rsu s  log^^S p o in ts  has the eq u a tio n
log^gk = 0 .1125  log^pS -  1 .174  ..... ( 2 )
For th e  purpose o f  c a lc u la t in g  the value o f  B, was chosen to  be
300 r .p .m . ,  so th a t  = 713=4 . S u b s ti tu t io n  o f  th e se  v a lu es  in  eq u a tio n  (2)
gave k ^ Q  = 0.1273 cm/min, and ky^^ ^ = 0 .1 4o4 cm/min. By the  u su a l p ro ced u re ,
B was found to  have a  value o f  0 . 003921. The value o f  k^ was c a lc u la te d
by s u b s t i tu t in g  the  value  o f  k^^^, found by means o f  eq u a tio n  (2 ) , in
eq u a tio n  ^ 0 ) ,  S ec tio n  I l l ( b ) .  As a r e s u l t ,  th e  value o f  k was found to  be
0.154 cm/min.
125
SECTION I I I
G eneral C o n s id e ra tio n s
I I I (a ) Change o f  C on tro l and S h if t  o f  C ontrol  in  H eterogeneous
Re a c tio n s .
Follow ing Bircumshaw and R i d d i f o r d ^ w e  s h a l l  term an 
a l t e r a t i o n  in  the  dependence o f  the observed r a te  co n s ta n t o f  a 
he terogeneous re a c t io n  upon the r a te  co n s ta n ts  o r  k^ o f  the  prim ary  
p ro c e sse s  as  a  s h i f t  o f  c o n tro l .  Such an a l t e r a t i o n  may b r in g  about a 
change in  the r a te  de te rm in in g  s te p , fo r  example from tr a n s p o r t  c o n tro l 
(Van Name and H i l l ’s  c la s s  (a ) )  to  the  in te rm e d ia te  type o f  c o n tro l 
(Van Name and H i l l ’s c la s s  ( c ) ) .  Again u s in g  the  te rm inology o f Bircumshaw 
and R id d ifo rd , we s h a l l  d e sc r ib e  a change in  the  r a te  de term in ing  s tep  a s  
a change o f  c o n tro l .
A change o f  c o n tro l in  c e r ta in  he terogeneous r e a c t io n s  would be 
advantageous fo r  th e  purpose o f  determ in ing  chem ical r a t e  c o n s ta n ts  k^ 
o f  su rfa c e  r e a c t io n s .  Thus a change o f  c o n tro l from th e  re g io n  o f  t r a n s p o r t  
c o n tro l to  t h a t  o f  chem ical c o n tro l would mai^e i t  p o s s ib le  f o r  one to  
determ ine chem ical r a te  c o n s ta n ts  d i r e c t l y .  A change o f  c o n tro l from the  
t r a n s p o r t  reg io n  to  the  reg io n  o f  in te rm e d ia te  k in e t ic s  m ight a lso  s u f f ic e  
fo r  a d e te rm in a tio n  o f  k^, because th e  use o f  eq u a tio n  (1 3 ), S ec tio n  I l l ( b )  
m ight y ie ld  a s u f f i c i e n t ly  a c c u ra te  value  fo r  k ^ . Consequently i t  i s  o f  
im portance to  co n sid er f a c to r s  which m ight cause a  s h i f t  o f  c o n tro l tow ards 
o r  in to  the  reg io n  o f  chem ical c o n tro l .
Any f a c to r  which causes an in c re a se  in  th e  u n i t  r a te  co n s ta n t k^ 
o f  the  t r a n s p o r t  p ro c e ss  causes a s h i f t  o f  c o n tro l tow ards th e  reg io n  
o f  chem ical c o n tro l .  In  g e n e ra l, one way o f  in c re a s in g  the value  o f  k^ 
i s  by in c re a s in g  th e  speed o f  r o ta t io n  o f  a m echanical s t i r r e r  used to  s t i r  
th e  r e a c t iv e  s o lu t io n .  The f a c t  th a t  a r e la t io n s h ip  e x i s t s  between the
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r a te  o f  d is s o lu t io n  o f a s o l id  and the speed o f  r o ta t io n  o f  th e  s t i r r e r
i s  always c o r re c t ly  considered  to  be a  p ro o f o f  th e  f a c t  th a t  th e  p ro c e ss
i s  ta k in g  p la c e  in  the  d if fu s io n  regim e. At h igh  speeds o f  r o ta t io n  th i s
r e la t io n s h ip  i s  g e n e ra lly  l e s s  pronounced; however, t h i s  by no means p roves
a t r a n s i t i o n  in to  th e  k in e t ic  regim e. Thus N.Y, Buben and D.A, Frank- 
(52)KamenetskU have shov/n th a t  t h i s  phenomenon can take  p la ce  when a
re a c t io n  i s  s t i l l  com plete ly  c o n tro lle d  by c o n v e c tiv e -d if fu s iv e  p ro c e sse s  because ,
a t  h igh  speeds o f  re v o lu t io n , th e  p ad d le -ty p e  s t i r r e r  ceases to  e n t r a in
l iq u id  w ith  i t  ( th ey  c a l l  t h i s  the  " S lip  E f f e c t" ) .  C le a rly  in  o rd e r to
decide  in  any g iven case w hether the  a tta in m e n t o f  a l im i t in g  value fo r
th e  observed r a te  co n s ta n t i s  due to  the  s t i r r e r  having reached maximum
e f f ic ie n c y ,  o r  w hether th e re  h as  been a change to  chem ical c o n tro l ,  one
must use o th e r  c r i t e r i a .  For example, b a f f le s  can be used w ith  a view to
prom oting tu rb u le n c e , so in c re a s in g  the  e f f ic ie n c y  o f  th e  s t i r r e r .  I f  th e
observed  r a te  co n s ta n t th en  shows a  d e f in i te  in c re a s e , one can conclude
th a t  th e  r e a c t io n  must s t i l l  have been in  th e  d i f fu s io n  regime when the
o r ig in a l  l im i t in g  value  was reach ed .
A nother p o s s ib le  method o f  in c re a s in g  the value o f  k^ would be to  
d i r e c t  u l t r a s o n ic  waves o f  s u f f i c i e n t  energy on to  th e  s o l id - l iq u id  i n t e r f a c e .
I f ,  as  some w orkers have suggested  (see  the  d is c u s s io n  in  the  In tro d u c t io n ) ,  
th e  e f f e c t  o f the u l t r a s o n ic  waves i s  sim ply to  decrease  the  th ic k n e ss  o f  
th e  d if fu s io n  la y e r  a t  th e  in te r f a c e ,  then  i t  i s  easy  to  see from the 
e q u a tio n  k^ = th a t  th e  value o f  must in c re a s e ,  w ith  the  consequence 
th a t  th e re  must be a s h i f t  tow ards chem ical c o n tro l .  We have a lre a d y  
m entioned the  f a c t  th a t  some in v e s t ig a to r s  have even suggested  th a t  
u l t r a s o n ic  waves can, in  some cases  a t  l e a s t ,  com pletely  remove the 
d if fu s io n  la y e r  from th e  in t e r f a c e .  In  such cases  the  heterogeneous 
r e a c t io n s  would be s u b je c t to  chem ical c o n tro l .
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A th i r d  means o f  e f f e c t in g  a s h i f t  o f  c o n tro l tow ards the  k in e t ic
regim e i s  by in c re a s in g  the  i n i t i a l  c o n c e n tra tio n  o f  r e a c ta n t .  R eference
to  eq u a tio n  (7 ) ,  S ec tio n  I l l ( b ) , i . e .  j  = ^ s \  shows th a t  the  mass
6
flu x  to  the  s o l id  su rfa c e  depends upon D, 6 and the  c o n c e n tra tio n  d if fe re n c e
(C -  C^) a t  the i n t e r f a c e .  As 6 i s  independent o f the  c o n c e n tra tio n
d if fe re n c e  a t  the  in te r f a c e  and D i s  on ly  s l i g h t ly  dependent on the
c o n c e n tra tio n , i t  fo llo w s th a t  a s u f f i c i e n t ly  la rg e  in c re a se  in  the i n i t i a l
c o n c e n tra tio n  o f s o lu te  fo r  a  t r a n s p o r t  c o n tro lle d  r e a c tio n  may in c re a se  j
to  such a  p o in t  th a t  the  r e a c t io n  a t  the  su rfa c e  can b a re ly  cope w ith  the
supply  o f  r e a c t iv e  s o lu te  m olecules o r  io n s .  C onsequently w ith  0^ = C,
th e  c o n v e c tiv e -d if fu s iv e  la y e r  would d isa p p e a r . An example o f  t h i s  e f f e c t
(53)i s  p rov ided  by the  work o f  G.E. Boyd, A.W. Adamson and L .S . Myers on
the  exchange a d so rp tio n  o f  c a tio n s  from aqueous s o lu t io n s  by phenol-
form aldehyde r e s in s :  the  observed r a te  i s  determ ined  fo r  0.001 M -so lu tio n s
by th e  r a te  a t  which c a tio n s  a re  tra n sp o r te d  to  the  su rfa c e  o f  the r e s in ,
w hereas fo r  0.1 M -so lu tion  the  observed r a te  i s  determ ined  by th e  r a te  o f
c a t io n ic  d i f fu s io n  through the  r e s in .
In  some favou rab le  ca ses , a  change o f  tem peratu re  can be used to  e f f e c t
(54)
a change o f c o n tro l from one regime to  a n o th e r . A.C. R id d ifo rd  has 
g iven a d e ta i le d  trea tm e n t o f  the  tem peratu re  c o e f f ic ie n t  o f  he terogeneous 
r e a c t io n s  and the  fo llo w in g  account i s  e s s e n t i a l ly  based on h is  argum ents. 
The u n i t  r a te  c o n s ta n ts  k^ and k^, r e s p e c t iv e ly ,  a re  assumed to  be
k^ = Z^e c /p 9  0 . . 0 , .  (1)
r e la te d  to  the  a b so lu te  tem peratu re  # by means o f the  A rrhen ius eq u a tio n s
and k^ = Z^e * /^r0 . . . . . .  (2)
(55)where E^ i s  the  ap p aren t c r i t i c a l  increm ent ( c f .  Hinshelwood ) fo r  the 
chem ical p ro cess  on the s o l id  su rfa c e , E^ the  a c t iv a t io n  energy fo r  the
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t r a n s p o r t  p ro c e ss , and Z^ the  p re -e x p o n e n tia l f a c to r s ,  and R the
gas co n s ta n t p e r  gram m olecu le . 0 i s  used in  p la c e  o f  T in  th e se
e q u a tio n s  to  avoid  confusion  w ith  the s u b s c r ip t  d en o tin g  t r a n s p o r t .
Z^ i s  o f  th e  o rd e r  o f  magnitude o f  th e  c o l l i s io n  frequency p e r  u n i t
a re a  o f  th e  s o lu te  m olecu les c o l l id in g  w ith  the  s o l id  s u r fa c e , w hile
Bircumshaw and R iddiford^^^^ have shown th a t  Z^ i s  o f  the o rd e r  o f  100 o r
l e s s .  C onsequently  Z^ »  Z^. On the  sim ple N ernst th e o ry , may be
s e t  equal to  E^, the  energy o f  a c t iv a t io n  fo r  d if fu s io n ,  bu t t h i s  conclu sion
i s  based on the  assum ption th a t  6, th e  th ic k n e ss  o f  the  N ernst d i f fu s io n
(54)
la y e r ,  i s  tem pera tu re  in v a r i a n t .  However, R id d ifo rd  has shown th a t  
in  g en e ra l 6 v a r ie s  e x p o n e n tia lly  w ith  tem p era tu re , b u t th a t  the  dependence 
i s  s l i g h t  in  com parison w ith  th e  v a r ia t io n  o f  th e  o th e r  q u a n t i t i e s .  He
has a lso  shown th a t  E^ i s  somewhat sm a lle r  th an  E^ fo r  lam in ar o r  m ild ly  
tu rb u le n t  flow , w hereas E^ may be la rg e  th an  E^ fo r  s tro n g ly  tu rb u le n t  
flow . As a  rough r u le ,  E^ = E^ when a  = ■“ , where a i s  the  exponent in  
th e  g en e ra l eq u a tio n
6 = c o n s ta n t. U   (3)
eq u a tio n  ( 13) in  th e  In tro d u c t io n  be ing  a p a r t i c u l a r  case o f  t h i s  e q u a tio n . 
I t  has been found in  p r a c t ic e  th a t  E^ v a r ie s  from a  low er l i m i t  o f  z e ro .
Combination o f  eq u a tio n s  (21) ,  S ec tio n  I l l ( b )  and ( l )  and ( 2) o f 
t h i s  S ec tio n , assuming th a t  th e  p re -e x p o n e n tia l f a c to r s  and th e  a c t iv a t io n  
e n e rg ie s  a re  tem peratu re  in v a r ia n t ,  le a d s  to  the  eq u a tio n
d ( ln  k j  1 
 ^ = u32 ( 4)de ' E9^ + k? /  T i , c
I f  now an experim en ta l energy o f  a c t iv a t io n ,  E^, be d e fin e d  by th e
r e la t io n s h ip  i then  E. can be determ ined  a t  any value
d0
o f 0 from th e  co rrespond ing  ta n g en t to  the  curve o f  In  k^ v ersu s  1y^.
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A g lance a t  eq u a tio n  (4) w i l l  show th a t
\  -  \ 1  + kÿky) \  . . . . . .  (5 )
which shows th a t  the v a r ia t io n  o f  w ith  tem pera tu re  depends upon the 
v a r ia t io n  o f the  r a t i o  k^/k^p. D iv id ing  eq u a tio n  ( 1) by (2) we have
Now »  Z^, so we may d is t in g u is h  th re e  c a s e s :-
^ (E_-E ) /E 9
( i )  when E^ < E^, th e  term  e  ^ in  eq u a tio n  ( 5) i s  always
p o s i t iv e  and ranges in  value from u n ity  when 0 ---->  oo, to  oo when 0 0,
w ith  the consequence th a t  k^ »  k^, and E^ = E^ a t  a l l  tem p era tu res;
( i i )  when E^ = E^, then  eq u a tio n  (5) shows th a t  E^ = E^ = E^ and 
eq u a tio n  (6) shows th a t  k /k ^  = ^  »  1, i . e .  the  r e a c t io n  w i l l  be di^usjjfion 
c o n tro l le d ;
( i i i )  a case o f  c o n s id e ra b le  i n t e r e s t ,  when E^ > E^, a t  low tem p era tu res  
th e  observed r a te  w i l l  be c h e m ic a lly -c o n tro lle d , w hile  a t  h igh  tem p era tu res  
the  heterogeneous r e a c t io n  w i l l  be t r a n s p o r t  c o n tro l le d .  T his can be
seen by w r it in g  eq u a tio n  (6) a s ,
k Z c = c
fo r  then  E -  E^ w il l  bo p o s i t iv e .  Now lim  k^ ~ 0 , th e re fo re
^T
lim  E. = E (by eq u a tio n  (5) ;  a lso  lim  k = Z »  1,
0 0 0 ->• oo :—
k r  S
th e re fo re  lim  E  ^ = E . Those heterogeneous r e a c t io n s  which conform 
0 - > o o  ^
to  case ( i i i )  w i l l  experience  a  s h i f t  o f  c o n tro l when the  tem pera tu re  i s  
a l te r e d  and i f  a  s u f f i c i e n t ly  wide tem peratu re  range i s  p r a c t ic a b le ,  a 
change o f  c o n tro l w i l l  be experienced . The l a t t e r  c ircum stances w i l l  be
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m an ifes ted  by a change o f  slope in  th e  A rrhen iu s p lo t  o f  In  v ersu s  1/ 0 .
( 57)
Such a change was observed  by C.M. Tu, H. Davis and E.G. H o tte l in  
t h e i r  s tudy  o f  th e  com bination o f  carbon sp h eres  about one inch  in  d iam ete r 
in  a flow ing a i r  s tream . An example o f  a heterogeneous re a c tio n  between 
a s o l id  and l iq u id  s o lu tio n  oppnrently conforming to case ( i i i )  i s  th a t  
between very  pure  iro n  and h y d ro c h lo ric  ac id  s tu d ie d  by M.B. Abramson and 
C.V.
The a r u ^ e n t  j u s t  g iven  depends i n t e r  a l i a  upon the  g en era l v a l id i t y  
o f  eq u a tio n s  ( l )  and (2) .  These a re  norm ally  a t  l e a s t  approxim ately  
t r u e ,  b u t s p e c i f ic  examples a re  known o r can be env isaged  in  which they  
may n o t ap p ly . Thus one mechanism by whcih p ro to n s  a re  made a v a i la b le  a t  
any s i t e  i s  though t to  be by concerted  e le c tro n  sv ;itches along  chain s o f  
o r ie n ta te d  hydrogen-bonded w ate r m o lecu les. There does n o t appear to  be 
any reaso n  to  b e lie v e  th a t  th e  e f f e c t iv e  average le n g th  o f  th e se  cha in s 
(and th e re fo re  th e  r a t e  co n s tan t)  a l t e r s  e x p o n e n tia lly  w ith  the  te m p era tu re . 
In  f a c t  i t  i s  a lso  known th a t  the  arrangem ent o f  th e se  cha in s a l t e r s  
from a  " q u a r tz - l ik e "  s t r u c tu r e  to  a  " c r i s to b a l i t e "  s t r u c tu r e  as  the  
tem peratu re  changes.
To summarise, i t  can be sa id  th a t  a  s h i f t  o f  c o n tro l in  h e terogeneous 
r e a c tio n s  between s o l id s  and l iq u id  s o lu tio n s  tow ards o r  in to  th e  regim e o f 
chem ical c o n tro l can be e f fe c te d  by the  fo llo w in g  means: (a) in c re a s in g  
the i n i t i a l  c o n c e n tra tio n  o f  the  r e a c t iv e  s o lu te ( s ) ,  (b) by th e  use o f 
s u f f i c i e n t ly  pow erful u l t r a s o n ic  waves, (c) by in c re a s in g  the  speed o f  
r o ta t io n  o f  the s o l id  c y lin d e r  o r  d is c ,  and (d) by low erin g  th e  tem p era tu re .
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I I I (b ) The Problem o f  D eterm in ing  Chemical Rate C onstan ts  o f 
H eterogeneous R eac tions between S o lid s  and L iq u id s  the 
R ates o f  which a re  w holly o r  par t l y  Con t r o l l ed by T ran sp o rt 
P ro cesses
We have a lre a d y  r e f e r r e d  to  Van Name and H i l l ' s  c l a s s i f i c a t io n  
o f he terogeneous r e a c t io n s  and p o in ted  o u t th a t  in  r e a l i t y  th e re  i s  no 
sharp  d i s t i n c t io n  between the  th re e  p o s s ib le  ty p es  o f  system . In  the 
fo llo w in g  d is c u s s io n  o f  the  problem  o f de term in ing  chem ical r a te  c o n s ta n ts  
o f  h e terogeneous r e a c t io n s ,  we s h a l l  adhere to  Van Name and H i l l ' s  
c l a s s i f i c a t i o n .
The G eneral Case (Van Name and H i l l ’s  Cla s s  C)
In  t h i s  case th e re  i s  a  c o n c e n tra tio n  g ra d ie n t ex tend ing  from the
s o l id  su rfa c e  fo r  a s h o r t  d is ta n c e  in to  the  s o lu t io n .  The c o n c e n tra tio n  o f
so lu te  a t  th e  su rfa c e  i s  no t zero b u t assumes some value C^. In  the  s tead y
s t a t e  the  r a te  a t  which s o lu te  m olecules (o r  io n s) a re  consumed by chem ical
r e a c t io n  a t  th e  su rfa c e  o f  s o l id  i s  equal to  th e  r a te  a t  v/hich s o lu te  m olecu les
(io n s)  a re  su p p lie d  by convective d if fu s io n  to  the s u rfa c e .
Before we d e r iv e  an ex p ress io n  fo r  th e  chem ical r a te  co n s tan t in  th e
g en era l case , an im p o rtan t p o in t  concern ing  tru e  and ap p aren t su rfa c e  a re a s
o f s o l id s  needs to  be d isc u sse d . In  g en era l the  r a te  o f  a t r a n s p o r t  co n trd le d
p ro cess  i s  p ro p o r tio n a l to  th e  ap p aren t su rfa c e  a re a  A, b u t fo r  a chem ically
c o n tro lle d  p ro cess  the  r a te  i s  a fu n c tio n  o f  the  tru e  su rfa c e  a re a  A*. For
a d is c  one face  o f  which i s  exposed to  a t ta c k  by a  re a g e n t the  ap p aren t 
2
a re a  A = it r  , where r  i s  i t s  r a d iu s .  During the  course o f  a r e a c t io n  A 
u su a lly  changes so slow ly  th a t  i t  may be regarded  a s  c o n s ta n t, b u t A* may 
in c re a se  a p p re c ia b ly  owing to  p ro g re s s iv e  roughening o f  the  s u r fa c e .  I f ,  
however, the degree o f  smoothness o f  th e  su rfa c e  rem ains the  same du rin g  
th e  course o f  r e a c t io n ,  then  A* may be regarded  as more o r  l e s s  c o n s ta n t.
For one reaso n  o r  a n o th e r , e .g .  a d so rp tio n  o f  c e r ta in  m olecu lar o r  io n ic
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sp e c ie s  on the su rface o f  the s o l id ,  only a fra c tio n  a o f  th e  surface  
area A* may be a v a ila b le  to  the r ea c tiv e  so lu te  and in  such a case the ra te  
o f  the chem ical process i s  proportional to  oA*.
Let the mass f lu x , i . e .  the number o f  grams o f so lu te  flow ing through 
an area o f  one square centim etre per second, w ith in  the d iffu s io n  la y er  
and normal to  the su rface be denoted by j .  Therefore by P ic k 's  f i r s t  
law o f  d if fu s io n ,
j  = .  0 ............
w h e r e ^  ^ i s  the concentration  gradient a t the su r fa ce . Very near
the su rface transport i s  v ir tu a l ly  by d ifft is io n  on ly .
Let th e amount in  grams o f  so lu te  which rea c ts  per square centim etre  
o f  free  surface in  one second be denoted by q . Then the t o t a l  amount th at  
r e a c ts  per second over an area A* sq.cm. = oA*q. For a chem ical rea ctio n  o f  
k in e t ic  order m w ith  resp ect to  the s o lu te ,  we have
q * k C   (2 )^ C 8
where k i s  the chem ical ra te  constant per u n it area a t u n it volume and C c s
the concentration  in  grams per c . c .  o f  so lu te  a t the s o l id  su r fa ce . Under 
steady s ta te  co n d itio n s , we have
0A*q s s j A  . . . . . .  ( 3 )
S u b stitu tin g  for  q from equation (2 ) in  equation ( 3 ) ,  we get  
a A * k ^ c / = 3A
C ' = 3a ^ ”  ............6
I f  C denotes the concentration  in  the bulk o f  the so lu t io n , then for  
a lin e a r  concentration  gradient (th e Nernst case)
® “ *s * ( & )  •  ^ ............
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where 6 = th e  th ic k n e s s  o f th e  h y p o th e tic a l N ernst la y e r .
••• H -  ■..................................................................................... ...........s6
E quation  ( l )  becomes;
j = D(G_Gg)   ( 7 )
“ 6
from which c  = C -  36 ,
® D
or S = 0(1 _ j 6  )   (8 )
S u b stitu tin g  fo r  from equation(8 )in  equation (4 ) ,  we get
(1 -  f  ) “
•'c = aA*(o"- #  )“ ............
jA
D
I f  a 3s 1 and A = A*, equation ( 9 ) reduces to
K, =   ( 1° )
Knowing j  for  two d iffe r e n t  liq u id  v e lo c i t ie s  (d if fe r e n t  6) a t the same 
so lu te  concentration  C, we can determine the k in e t ic  order m o f the rea c tio n  
from equation (9) :
( 1 - ^ 1  J
= l° S io   7- f —  = l°8 lO
(1 -  i O  ) 3a
CD
, - j . s A  .
r .....
Making use o f equation ( 7 ) and equation ( 3 ) ( in  the In trod u ction ),
we note th a t ,, , \
j = - l i t ) .....................................
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S u b s t i tu t in g  fo r  j  from eq u a tio n  ( 12) in  eq u a tio n  (9 )» we have
+ i “A*
Making th e  same s u b s t i tu t io n  in  equa tio n  (11 ) ,  we have
o r  m log^Q
CD + ^^2 ,d c .
—  ( d t k
ACD 4 V6  ^ ( § ) ^  
ACD + V5g ( f ) 2
( i£ )
= lo S io  d t 1 
( # )  2
= ( § ) i
( # ) 2
(13)
( 14)
We can c a lc u la te  k^ and m from eq u a tio n s  ( 13) and ( 14) i f  we know
th e  r a t e s  o f  r e a c t io n  ( ^ ) ^  and ( -^ )^  fo r  two d i f f e r e n t  l iq u id  v e l o c i t i e s
co rrespond ing  to  two d i f f e r e n t  th ic k n e s se s  6^ and 6^ ^  th r  N ernst d if fu s io n
s of 
(59)
la y e r  a s  w e ll a s ,  f o r  k^ , v a lu e o and A*. For a  r o ta t in g  d is c  under
c a r e fu l ly  c o n tro l le d  c o n d i t io n s '^ ^ ' th e  th ic k n e s s  o f  th e  N ernst la y e r  can be 
c a lc u la te d  from L e v ic h 's  fo rm ula, 6 = 1 .6 l D )/ (e q u a tio n  ( 13)
in  th e  In tro d u c t io n ) .  The r a t e s  o f r e a c t io n  ( ^ )  can e a s i ly  be c a lc u la te d  
from o b se rv a tio n s  on th e  v a r ia t io n  o f  th e  c o n c e n tra tio n  C o f  s o lu te  w ith  
tim e .
I t  must be s t r e s s e d  th a t  th e  above tre a tm e n t i s  meant to  app ly  to  
th e  s te a d y  s t a t e  in  th e  regim e o f  in te rm e d ia te  k in e t ic s  when th e  chem ical 
r a te  c o n s ta n t k^ i s  o f  com parable magnitude to  th e  r a t e  c o n s ta n t o f
th e  t r a n s p o r t  p ro c e s s . When, however, th e  r a t e  o f  th e  chem ical r e a c t io n
on th e  m etal s u rfa c e  i s  so h igh  th a t  C 0 , th e  observed v e lo c i ty
c o n s ta n t ^ e r  u n it  a re a  a t  u n i t  volume i s  equal to  k^ , i . e .  th e  o v e ra l l
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r a t e  o f  th e  re a c t io n  i s  v i r t u a l l y  t r a n s p o r t  c o n t ro l le d .  T his can most 
r e a d i ly  be seen  by c o n s id e r in g  eq u a tio n s  (3 ) and (4 ) in  th e  In tro d u c t io n , 
w ith  w r it te n  f o r  ^  :
- f t  = V
which red u ces  to  -  = k ^ . ^  . C, when = 0 , i . e . ,  th e  observed f i r s t
o rd e r  r a t e  c o n s ta n t p e r  u n i t  a re a  a t  u n i t  volume = k ^ . Again when
C -----> 0 , th e  d if fe re n c e  between C and j t /D  becomes very  sm a ll, so  th a ts
a  sm all e r r o r  in  th e  d e te rm in a tio n  o f  j  ( = -  ^  can le a d  to  a la rg e  
e r r o r  in  th e  d e te rm in a tio n  o f k^ by eq u a tio n s  ( 9 ) o r ( 10) .  C onsequently  
v a lu es  o f  k^ determ ined by t h i s  method fo r  th o se  r e a c t io n s  fo r  which k^ 
i s  c o n s id e ra b ly  g r e a te r  than  k^ a re  no t v e ry  r e l i a b l e ,
dcWe s h a l l  now d e riv e  a  g e n e ra l ex p ress io n  fo r  - in  term s o f  k^
and kj, in  th e  case  o f  re a c tio n s  in  th e  in te rm e d ia te  reg im e. S u b s t i tu t in g  
-  J  ( ^ )  f o r  j  in  eq u a tio n  (4 ) ,  we have ok^A*G^^ ~ "  J
i . e . ,  -  4^  = ok 7*C “  = -  ‘^ '^s   ( 15)
a t  oV s  d T
But we know th a t  -  ^  = k ^ .^  (C -  C ^).
.  0k.A*# * / *  .  c  ” = V  (c - c )   (16)
Let us c o n s id e r th e  sim ple case where th e  su rfa c e  r e a c t io n  i s  o f  the 
f i r s t  o rd e r , i . e . ,  where m = 1 . T here fo re  from eq u a tio n  ( l6 )  we g e t
C   (17)
0k_A* + k y i
S u b stitu tin g  fo r  0^ from equation ( l ? )  in  the equation
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de . A \ .
dt = k ? ' V (c  -  Cg). «e g e t
0 V
\  A ^ 
k^A + ok^A*J • V •
" H  = ( k ^  '* ^  ■)• f  • ® ............
\v 737 + *0 /
T his eq u a tio n  t e l l s  us th a t  fo r  a  heterogeneous re a c t io n  o f in te rm e d ia te
type  (Van Name and H i l l ' s  C lass C) in  th e  s te a d y  s t a t e  th e  o v e ra l l  r a t e
w i l l  fo llow  a f i r s t  o rd e r  r a te  law p rov ided  A, A* and a ,  o r  th e  p roduct
A. 1 . rem ain co n s ta n t du ring  th e  course  o f th e  r e a c t io n .  The observed
oA*
r a t e  c o n s ta n t p e r u n i t  n fo a  .a t u n i t  volume i s  then  g iven  by :
/
  ( 19)
oA* ^c
I f  o = 1 and A* = A, eq u a tio n  ( 18) s im p l i f ie s  to ,
-  H  = ( - k f i r ] ♦ I  • ®   (20)c
and k^ i s  then  g iven by
k^ = kc ^ y / (k^ + k j)    (21)
I f  th e  k in e t ic  o rd e r o f  th e  a c tu a l  chem ical r e a c t io n  on th e  su r fa c e  
d i f f e r s  from u n ity ,  th en  th e  o v e ra l l  r a t e  e x p re ss io n s  a re  more complex 
than  th e  sim ple f i r s t  o rd e r  ex p ress io n  o f  eq u a tio n  (20) .  Thus
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Frank-KammenetzkUr-^^^ has shown th a t  when ra = 2 , th e  o v e ra l l  ex p ressio n  
fo r  a r e a c t io n  o f in te rm e d ia te  typo i s  g iven  by
dc , A 
-  d t  = k r-  V 2k C 4k C
(2 2 )
In  some cases  where i t  was no t p o s s ib le  to  c a lc u la te  6 (o r  k^) from
th e  known p ro p e r t ie s  o f  th e  system , i t  was n e v e r th e le s s  p o s s ib le  to
determ ine k^ because k^ could  be ex p e rim e n ta lly  determ ined from o b se rv a tio n s
on a  s e r i e s  o f  s im i la r  chem ical r e a c t io n s  which were ta k in g  p lace  under
such c o n d itio n s  th a t  they  were w holly t r a n s p o r t  c o n t ro l le d .  For example, 
( 12)Hochberg and King determ ined  k^ f o r  th e  r e a c t io n  between a  r o ta t in g  
c y l in d e r  o f copper and th e  b u f fe r  system  aqueous 0 ,1  M a c e t ic  a c i d /  0 ,1  M 
sodium a c e ta te  in  th e  p resence  o f 3*5 x 10 p-benzoquinone a s  d e p o la r iz e r  
in  a s tu d y  o f th e  d is s o lu t io n  o f ■ fo u r m e ta ls , in c lu d in g  copper, in  a c id  
s o lu t io n s .  In  each case  th e y  used 250 m l, o f  s o lu t io n  a t  25^0 and a  r a te  
o f re v o lu tio n  o f  3,200 r ,p ,m . A ll th e  experim ents were conducted under 
n it ro g e n .  T h e ir r e s u l t s  a re  summarised in  Table 48,
Table 48
Acid o r b u f fe r M etal k^ (cm ./m in .)
0,1 M -  HCl, 0.05 M -  g ly c in e Cadmium 0,88
0.03 M -  HCl, 0,07 M -  po tassium Cadmium 0.82
hydrogen p h th a la te
0,1 M -  a c e t ic  a c id ,  0.1 M sodium Cadmium 0 ,82
a c e ta te
0,1 M -  a c e t ic  a c id ,  0,1 M sodium Lead 0 ,86
a c e ta te
0,1 M -  HCl Tin 0 .86
0.1 M -  a c e t ic  a c id ,  0,1 M sodium Copper 0,244
a c e ta te
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They o b ta in ed  f i r s t  o rd e r p lo ts  fo r  a l l  s ix  r e a c t io n s  and th e  v a lu es
o f  in  cm/minute a re  reco rded  in  th e  th i r d  colunm o f th e  T ab le , The f a c t
th a t  th e  v a lu es  o f k^ fo r  th e  f i r s t  f iv e  re a c tio n s  a re  about th e  same
su g g ests  th a t  th ey  a re  a l l  w holly t r a n s p o r t  c o n t ro l le d .  T here fo re
k^ = k^ = 0 ,85  cm/min. The f a c t  th a t  k^ f o r  copper i s  sm a lle r  than  th a t
fo r  th e  o th e r  th ro e  m eta ls  su g g es ts  th a t  th e  re a c tio n  in v o lv in g  copper may
belong to  th e  in te rm e d ia te  c la s s  and, as th e  observed re a c tio n  r a t e  was
s t r i c t l y  o f  th e  f i r s t  o rd e r , Hochberg and King concluded th a t  th e  chem ical
p ro cess  a t  th e  m etal su rfa c e  was a ls o  f i r s t  o rd e r , so th a t  eq u a tio n  ( 21)
cou ld  be used to  c a lc u la te  k :c
k 3c 0 .85  
0-244 = k '0 .S 5 ' ’ 
c
k^ = 0 .34  cm/rain.
They made no a ttem p t to  determ ine A* o r a , so i t  i s  no t known w hether 
th e  v a lu e  0,34  cm/min i s  th a t  o f th e  t r u e  chem ical r a t e  c o n s ta n t r e f e r r e d  
to  u n i t  a re a  o f  a c tu a l  s u r fa c e ,
'vlien k^ «  k^, —> C, This can be seen by c o n s id e rin g  th e  g e n e ra l
eq u a tio n  (1 6 ) , The c o n c e n tra tio n  g ra d ie n t now v i r t u a l l y  d is a p p e a rs . In  
t h i s  case th e  chem ical re a c t io n  a t  th e  su rfa c e  i s  so slow compared to  th e  
t r a n s p o r t  p ro cess  th a t  th e  r e a c t io n  can b a re ly  cope w ith  th e  sup p ly  o f  
s o lu te  to  th e  s u r fa c e , w ith  th e  r e s u l t  th a t  th e  c o n c e n tra tio n  o f solute* 
a t  th e  su rfa c e  assumes th e  v a lu e  o f th a t  in  th e  bu lk  o f th e  l i q u id .  The 
o v e ra l l  r a t e  i s  then  chem ica lly  c o n tro l le d  and th e  observed  v e lo c i ty  c o n s ta n t 
p e r  u n i t  a re a  a t  u n i t  volume i s  eq u a l to  k^.
R o lle r* i^ ^ e th o d  o f D eterm ining Chemical Rate C onstan ts o f  H eterogeneous 
R eac tions
P , R o lle r  co n sid ered  th e  d if fu s io n  o f  s o lu te  w ith in  a  prism  o f 
le n g th  L tow ards th e  su rfa c e  o f th e  r e a c t iv e  s o l id .  The r a t e  a t  which 
d is so lv e d  m olecules d isap p ea r by re a c tio n  a t  th e  su rfa c e  i s  equated  to  th e
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r a t e  a t  which they  d if fu s e  from th e  neighbourhood o f th e  su rfa c e  to  th e  
s u r fa c e ,  i . e . ,
D ( l# )  X = L = -  kc G ............  (25)
where D i s  th e  d if fu s io n  c o e f f ic ie n t  o f th e  s o lu te ,  k i s  th e  chem ical r a t ec
c o n s ta n t p e r  u n i t  a re a  o f  su rfa c e  and (*~)  ^ i s  th e  c o n c e n tra tio n^ dx X = L
g ra d ie n t a t  th e  s u r fa c e . At th e  s u rfa c e  o f th e  s o lu t io n ,
( & x  = 0 = °  ............  (24)
In  th e  body o f th e  s o lu tio n  th e  d i f fu s io n  o f s o lu te  i s  determ ined by th e  
g e n e ra l d i f fu s io n  eq u a tio n
^  °  ............
E quations (23) and (24) impose boundary c o n d itio n s  on th e  s o lu tio n  o f
eq u a tio n  (25) .  The i n i t i a l  c o n d itio n  i s  C = when t  = o . Under th e se
c o n d i t io n s ,th e  s o lu tio n  o f eq u a tio n  (25) i s :
2,
C = c / : - r  B . o -  \o s  é    (2 ^ )
where p ta n  6 = ^c^
•” -
4 s in  8
^  = 2P + s in  28'    (28)m m
R o lle r , in  fa c t, s t a t e s  t h i s  s o lu t io n  w ithou t d e r iv a t io n .  S ince  th e  
s o lu tio n  i s  no t im m ediately  obv ious, a  method o f d e r iv in g  t h i s  r e s u l t  i s  
g iven  in  an appendix on page ZOS ,
The average c o n c e n tra tio n  C th roughout th e  s o lu t io n  i s  o b ta in ed  
by in te g r a t io n  o f eq u a tio n  (26) between th e  l im i t s  0 and L, and d iv id in g  
by L:




Cq Bm exp. ( -^ £2 x )  dx ,
0
QO ^  û 2.
i . e . ,  c  = 5^  e -  ^2 Pm t    (29)
where p^ i s  as b e fo re  given by eq u a tio n  (2 7 ) , bu t 5^ i s  now d e fin ed  by
B = ^ Pm
"  (2Pm + 2Pm)Pm
(30)
R o lle r  g iv e s  a  num erical s o lu t io n  to  eq u a tio n  ( 26) by drawing up a
-  -  B _ D a 2%
ta b le  which in c lu d e s  th e  f i r s t  tv/o terras e ^2 1 and o ^^ 2 2
(a ls o  p^ and p_) fo r  v a lu es  o f ^c^  from 0 to  00, and fo r  ^  up to  1 .6 ,
* D L
The ta b le  shows th a t  fo r  an e r r o r  < 1?o, a l l  term s bu t th e  f i r s t  may be
n e g le c te d  p rov ided  ^  ^  0 , 2 , The ta b le  can be used to  o b ta in  th e  q u a n ti ty
L
^c^ , For L, one may s u b s t i tu t e  — , th e  r a t i o  o f  th e  volume o f th e  v e s s e l  
D
to  th e  s u rfa c e  a re a  o f th e  s o l id .  In  view o f th e  f a c t  th a t  C i s  an average
c o n c e n tra tio n , th e  same s u b s t i tu t io n  appears  f e a s ib le  when th e  v e s s e l  i s
n o n -p r is m a tic , Knowing th e  d if fu s io n  c o e f f ic ie n t  D and th e  dep th  o f th e
v e s s e l ,  k i s  r e a d i ly  o b ta in ed  from th e  known va lu e  o f  ^c^ ,
^  —
The u su a l eq u a tio n  found fo r  heterogeneous s o l id - l iq u id  r e a c t io n s
  (31)
where k i s  th e  observed r a t e  c o n s ta n t .
The in te g ra te d  from o f t h i s  eq u a tio n  i s :
k = "  • I • l° S io  -    (52),
co
Under th e  c o n d itio n  th a t  a l l  term s bu t th e  f i r s t  may be n e g l e c t e d , i . e . ,
)t 
2f o r  ^  0 .2  fo r  an e r r o r  < 1^, equa tio n  (29) becomes
l 4 l i
\T F f) ?
(•= fo r  L) ; lo g  — ^ ^  . p t  ,
i . e . ,  £  P. = -  2 .303  . V . lo g  c   ( 33)* L 1 4- T? ----------
For v a lu es  o f  < 1 , which v a lu es  a re  o f most i n t e r e s t ,  B in
D
eq u a tio n  (33) i s  c lo se  to  u n i ty ,  w ith  assumed n e a r ly  equal to  u n i ty  and
~  ^  0 .2 ,  th e  r ig h t  hand s id e s  o f eq u a tio n s  (32) and (33) a re  s u b s ta n t i a l ly
L
e q u a l. T here fo re
k = £ .................................................................................. ...... ( 34)
R o lle r  nex t o b ta in s  an e x p l i c i t  eq u a tio n  connec ting  and th e
measured v e lo c i ty  c o n s ta n t p e r  u n i t  a re a  a t  u n i t  volume k . R e fe rr in g  to
eq u a tio n  ( 27) ,  i t  i s  seen th a t  p ^  i s  a fu n c tio n  o f  ^c^ • Furtherm ore,
D
p ^  must be zero  fo r  ^ c^ = 0 , w hile P must be f i n i t e  fo r  c = 0 0 .  In
'* D D
o rd e r to  s a t i s f y  th e se  req u ire m en ts , R o lle r  proposes th e  fo llo w in g  fu n c tio n :
o y -  k L ,
8^2 = (1 _ c ;    (35)
S u b s t i tu t io n  o f  eq u a tio n  ( 33) in  ( 34) g iv e s :
k = Y {1 -  G —^  (36)
.  kL. . e —  = 1 -  5 -  ,
i . e . ,  ” = 2.303 log^Q (1 -  ^ ) *
o r kg = -  2 .303 £  log^o  (1 -  | £ )    ( 37)
The d isc u ss io n  o f R o lle r ’s method so f a r  has been r e s t r i c t e d  to
system s in  which th e  on ly  t r a n s p o r t  p ro cess  i s  d if fu s io n  o f  s o lu te
p a r t i c l e s ,  i . e .  in  q u ie sce n t sy stem s. However, as  R o lle r  h im se lf  p o in ts
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o u t, modes o f t r a n s p o r t  such as  m echanical s t i r r i n g ,  a g i ta t io n  e t c . ,  a re
much more e f f e c t iv e  than  m olecu lar d if fu s io n  in  t r a n s f e r r in g  s o lu te
p a r t i c l e s  from th e  bu lk  o f  th e  s o lu t io n  to  th e  r e a c t iv e  s o l id  s u r fa c e .
~  in  eq u a tio n  (36) has th e  dim ensions o f v e lo c i ty  and i t  may be d e fin e d  as
th e  c o e f f i c ie n t  o f  tr a n s p o r t  by d if fu s io n  (compare t h i s  w ith  th e  ex p re ss io n
ky = , where 6 i s  th e  th ic k n e s s  o f th e  N ernst d if fu s io n  l a y e r ) .  An
obvious ex ten sio n  o f eq u a tio n  (36) i s  to  re p la c e  th e  d if fu s io n  c o e f f i c ie n t
o f t r a n s p o r t ,  as  sim ply a  s p e c ia l  c a se , by a g en era l c o e f f ic ie n t  o f
t r a n s p o r t ,  S . E quation  (36) then  becomes:
-k
k = 8 (1 -  e g— )..................................................................................... (38)
In  o rd e r to  ex p ress  8 in  term s o f  m easurable q u a n t i t i e s ,  R o lle r  ap p ea ls
to  th e  experim en ta l r e s u l t s  o f  v a r io u s  w orkers in  th e  f i e l d  o f heterogeneous
chem ical r e a c t io n s ,  n o ta b ly  Van Name and h is  co -w orkers . Making use o f
Van Name and E d g a r 's  r e s u l t  th a t  r a t e  c o n s ta n t v a r ie d  w ith  th e  O.8O
power o f th e  s t i r r i n g  r a t e ,  he s e ts
0.8
8 = ^  ............ ( 39)
where s  i s  th e  r a t e  o f  s t i r r i n g  in  r .p .m , and B i s  a  c o n s ta n t which depends
on th e  v is c o s i ty  and d e n s ity  o f th e  l i q u id .  S u b s t i tu t io n  o f t h i s  va lue  
fo r  8 in  eq u a tio n  (38) g iv e s :
k = Q\ -  exp C- k^y/^gO.8 ] ^ ................................................... (40)
An exponent < 0,8  in  equa tio n  (40) i s  due to  th e  p ro g re s s iv e  in f lu e n c e  o f
th e  chem ical r e a c t io n  v e lo c i ty  on th e  measured r a te  c o n s ta n t ,  w hile an
might
exponent approaching  u n i ty /  acco rd in g  to  R o lle r ,  o b ta in  under e x c e p tio n a l 
c o n d itio n s ,  e .g .  a  v ery  h igh  r a te  o f s t i r r i n g .
E quation (40) a p p l ie s  when tr a n s p o r t  i s  e f f e c te d  by m echanical 
s t i r r i n g .  To determ ine k^ , i t  i s  o n ly  n ece ssa ry  to  e v a lu a te  B by m easuring k 
a t  d i f f e r e n t  s t i r r i n g  sp eed s . I f  th e  c a lc u la te d  va lu e  o f k^ i s  to  be 
a c c u ra te ,  i t s  c o n tr ib u tio n  to  k  must be s u f f i c i e n t ly  g r e a t , '  So k  must be
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measured a t  s u f f i c i e n t ly  h igh  s t i r r i n g  sp eed s, and R o lle r  g iv es  th e  
fo llo w in g  c r i t e r io n  fo r  d ec id in g  w hether th e  range of speeds i s  p roper 
to  an a c c u ra te  d e te rm in a tio n  o f k : i f  —r-o  d ec rease s  s u f f i c i e n t l y  w ith0 gO.S
in c re a s e  in  s t i r r i n g  speed , then  th e  range o f  s t i r r i n g  speeds i s  s u i ta b le
fo r  an a c c u ra te  d e te rm in a tio n  o f  th e  u n i t  r a t e  c o n s ta n t k ,c
As examples to  i l l u s t r a t e  th e  a p p l ic a t io n  o f  th e  above c r i t e r i o n ,  
R o lle r  quo tes s e v e ra l  r e a c t io n s  from th e  chem ical l i t e r a t u r e  p r io r  to  
1935; we s h a l l  quote two o f th e se  examples (se c  th e  t a b l e ) .  C le a r ly  k^ 
cannot be determ ined  a c c u ra te ly  fo r  th e  iod ine-raercu ry  re a c tio n  because 
th e  d ec rease  in  ^  ^0,8  i s  < 2%; however th e  chem ical r a te  co n s ta n t can be 
c a lc u la te d  fo r  th e  d is s o lu t io n  o f  z in c  in  0,02 M copper su lp h a te  s o lu tio n  
because th e  decrease  in  ^ / ^ 0,8  i s  n e a r ly  GO^ ,
T able 49
R esu lts  O btained a t  a Tem perature o f  23°C
Rate o f  o x id a tio n  o f  mercury by in  KI
s o lu t io n ,  s tu d ie d  by Van Name and
( 4 )Edgar^^/
Rate o f s o lu tio n  o f  Zn in  0,02 M 
CuSOjj^  s o lu t io n ,  s tu d ie d  by 
C entnerszw er and H e lle r
6 in  
r .p .m . k (observed)
6 in  
r .p .m . k( observed)
170 0,374 9.43 54 0.336 13.8
210 0.679 9 .43 94 0.436 11.3
240 0.759 9 .43 295 0.836 8 .8
300 0,883 9 .30 300 1.007 7.0
, 600 1.061 6.4  •
1 680 1.028 3.6
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The C a lc u la tio n  o f  Chemical Rate C onstan ts  by the  Use o f  R o l l e r 's  E quation
Use i s  made o f  eq u a tio n  ( 40) o f  t h i s  s e c t io n .  In  o rd e r  to  c a lc u la te
k^ , the  co n s ta n t A must f i r s t  o f  a l l  be e v a lu a te d . As R o lle r  g iv es  no d e t a i l s  
o f  h i s  method o f  c a lc u la t in g  v a lu es  o f  B, we su g g est th e  fo llo w in g  method.
The above m entioned eq u a tio n  can be rea rran g e d  to  g iv e ,
1 -  k
/ B s 0.8
= exp [ -  k /
Taking th e  lo g a rith m s  o f  b o th  s id e s  o f  eq u a tio n  ( 1) ,  we have
log^  (1 -  k /
(4 i )
(42)
I f  we determ ine th e  f i r s t  o rd e r  r a te  c o n s ta n ts  a t  two d i f f e r e n t  s t i r r i n g  
r a t e s  th en , a s  b o th  k^ and B a re  c o n s ta n t a t  a  g iven  tem peratu re  fo r  a
g iven  s o lu t io n ,  we have
lo g  (1 -  k -  k
and -  k V  0 . = -  k
(43)
where k^ and k^ a re ,  r e s p e c t iv e ly , th e  f i r s t  o rd e r  r a t e  c o n s ta n ts  measured 
a t  th e  co rrespond ing  speeds s^ and s^ . E quation  (43) g iv es
( 1-  o_g) = (1 -  k ^ /  „ o) . . . .  (44)
/ b s .0-8^ "  ( 1 - k ^  8
V  /  r  ' "
k .
Next i f  in  eq u a tio n  (45) we seiT— = m^ .
I . e . ( 45)
ÔTF = m
,S  0.8  2
and (—) -  R, we g e t
1 -  = (1 -  *2)*  .
2 ’
(' - ?)■+ ^ - 1  = 0 B ( 46)
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Now s e t t i n g  g  = x and Z = 1 -  m^x, we have from eq u a tio n  (46) ,
f - 1  = 0,
I .e . -  5 l  '  2 + I I  - 1= 0   (4?)
“ 2 “ 2
In  g e n e ra l, th e  value o f  R w i l l  no t be a  sim ple in te g e r .
E quation  (4?) could be so lved  by num erical m ethods, b u t the  method adopted
h ere  was to  s e t  R = 2 and, u s in g  our experim en ta l r e s u l t s ,  to  determ ine 
n .
v a lu es  o f  from a p lo t  o f  v a lu es  o f  lo g  ^k a g a in s t  lo g  _ s . A concre te  
r.i2 1'^
example i l l u s t r a t i n g  th e  method i s  worked o u t in  d e t a i l  in  S ec tio n  II(m ) ,
146,
I I I ( c )  The G eneral E quation  fo r  C o n v ec tiv e -D iffu s iv e  T ran sp o rt o f  
M atte r
uA
o r ig in  X
L et c = th e  number o f  m olecu les p e r  cub ic  cen tim e tre  a t  p lan e  A.
0 = the  a re a  o f  the  end fa c e s  A and B o f th e  re c ta n g u la r  c e l l  shown,
D = the  d i f fu s io n  c o e f f i c ie n t  o f  th e  s o lu te .
N = the  t o t a l  number o f  m o lecu les.
u = th e  s tream in g  v e lo c ity  o f  th e  f lu id  in  th e  p o s i t iv e  d i r e c t io n .
C onsider d if fu s io n  and convection  a long  th e  x -c o o rd in a te  o n ly , and apply
P ic k 's  f i r s t  law o f  d i f fu s io n  to  th e  d if fu s io n  o f  s o lu te  m olecu les from
A to  B, i . e . ,  in  th e  p o s i t iv e  d i r e c t io n :
At A, dN = th e  t o t a l  number o f  m olecu les flow ing  th rough  A p e r 
d t
second = -  DO ^c
At B, ^  = -  DO 
d t
( 1)
= -  D O ^  -  DO gfc_ dx (2 )
In c re a se  in  th e  number o f  m olecu les in  the c e l l  p e r  second
= Number e n te r in g  p e r  second a t  A -  Number le a v in g  p e r  second t h r o u ^  B
= -  DO 3  c
3 X 3  X
DO%c -  DO >.^c . d x \
= DO . dx
>x2
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I f  we co n sid e r m o lecu la r d if fu s io n  a lo n e , i . e .  assume u = 0 the 
in c re a s e  in  c o n c e n tra tio n  in s id e  th e  c e l l  p e r  second = be i s  g iven
a t
by ^2  = DO . dx
5) t ^ ^ 2
i . e
Odx
?) 0 = D 3 ^c    (5)
-dt 3^2
E quation  (3) i s  the  t r a n s p o r t  eq u a tio n  fo r  th e  case o f  d i f fu s io n  w ith o u t 
co n v ec tio n . I t  has been so lved  fo r  v a r io u s  boundary c o n d itio n s , e .g .^
R oller^^^  has found a  s o lu t io n  f o r  i t  in  th e  case o f  d if fu s io n  in  a  p r is m a tic  
v e s se l fo llow ed by chem ical r e a c t io n .
Now co n s id e r th e  convection  o f  th e  l i q u id  medium from A to  B.
Number o f  m olecu les p a s s in g  A p e r  second = Ouc ......... .. (4)
Number o f  m olecules p a s s in g  B p e r  second = (c+dc)Ou ...........  (5)
. . In c re a se  in  the  number o f .m o lec u le s  in  the  c e l l  p e r  second =
(4) -  (3 ) = Ouc -  (c + dc)Ou = -  Gudc.
The t o t a l  in c re a s e , i . e .  due to  bo th  m o lecu la r d if fu s io n  and con v ec tio n ,
in  the  number o f  m olecu les in  the  c e l l  p e r  second =
P ?DO 3  c • dx + (“ Oudc) = DO 3  c . dx -  Oudc
. . The in c re a s e  in  m o lecu la r c o n c e n tra tio n  in s id e  th e  c e l l  p e r  second
(  -  g iven  by
'  3 t
2
3  c = DO ^  c c dx “ Oudc,
Odx
i . e .  3^  = D b^c -  u § 2    (6 )
3 t  ^ ^ 2  3 x
E quation  (6) i s  th e  g en era l eq u a tio n  fo r  th e  c o n v e c tiv e -d if fu s iv e  
tr a n s p o r t  o f  m a tte r  in  th e  d i r e c t io n  o f  th e  x -c o o rd in a te .  T h e  term  D
i s  th e  c o n tr ib u tio n  o f  m olecu lar d if fu s io n ^  w hile  th e  term
^  ^ Ç i s  th e  c o n tr ib u tio n  o f convec tion  to  th e  t o t a l  r a t e .  In  th re e  
b x
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dim ensions, th e  eq u a tio n  o f  c o n v e c tiv e -d if fu s iv e  t r a n s p o r t  i s
3  c = + 3 ^ 0 + ^ ^ c  \  -  /u_3_c + V 3  c + w 3 c ^
3)y2 /  \  5  X ' Z»y z /
  (7)
where u, v and w a re  r e s p e c t iv e ly  the  components o f  the stream  v e lo c ity  
o f  th e  l i q u id  in  th e  x , y and z d i r e c t io n s .  In  many physicochem ical k in e t ic s  
experim en ts, s o l id  d is c s  o r  c y lin d e rs  a re  made to  r o ta t e  in  l iq u id  re a g e n ts  
such as  aqueous a c id s ,  a l k a l i s  and h a lo g en s, and in  o rd e r  to  be ab le  to  
c a lc u la te  th e  r a t e  o f  mass t r a n s f e r  to  th e  s u rfa c e s  o f  th e se  s o l id s  i t  i s  
conven ien t to  tran sfo rm  eq u a tio n  (?) in to  p o la r  c y l in d r ic a l  c o o rd in a te s .
The r e s u l t  o f  th e  tra n s fo rm a tio n  i s ,
'  $ )  -  * à - y
  (8 )
The A p p lic a tio n  o f th e  G eneral E quation  o f  C o n v ec tiv e -D iffu s iv e  T ran sp o rt 
o f  M atte r to  Physicochem ical Problems
MMi ’i —  Ill I !»«,— »■ Jfc .. ,1 .1 .. * w . . M mil ... I w  I I ■ I
B efore th e  g en e ra l eq u a tio n  (8) can be so lved  fo r  any p r a c t i c a l
system , e x p re ss io n s  must be found fo r  th e  f lu id  v e lo c i ty  components v^, v^ and v^
in  term s o f  th e  a p p ro p r ia te  c o o rd in a te s  o f  th e  system . T his i s  done by
so lv in g  th e  N av ier-S tokes e q u a tio n s  o f  f lu id  m otion to g e th e r  w ith  the
( 6?)eq u a tio n  o f  c o n t in u ity .  On th e  assum ptions th a t  f lu id  flow i s  s te a d y , 
th a t  body fo rc e s  can be n e g le c te d , and th a t  a l l  v e lo c i t i e s  and p re s s u re s  w ith in  
th e  f lu id  a re  iiddpendent o f  th e  ang le  0 and a re  fu n c tio n s  o f  r  and y o n ly , the  
N av ie r-S to k es  e q u a tio n s  a re  expressed  in  c y l in d r ic a l  p o la r  c o o rd in a te s  as  
fo llo w s:
Vp + Vy = -  1 ÔP + + 1 -  Vp + ^
IT  — T T  P ^  ^ 9 7  7 iT  7  V /
  (9)
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%  V e
r  * ^  y ci r^  ^ r  3 r  ?  * 3  y^'
(10)
V < ) V  V > v  1 'h-g y / 7 v  • 1 3 \  I
 iL + — jL   + / 1 - — ^ --+ --------^  + ---------
3  r  3  y p b  y \  b  r  r  3 r  3  y
  ( 11)
The e q u a tio n  o f  c o n t in u ity  i s ;
^  + 1 : +  ^  = 0  ....
?  r  r  3  y
In  th e se  e q u a tio n s , p i s  th e  p re s su re  in  th e  l i q u id ,  ) / th e  k in em atic
v is c o s i ty ,  and p i s  th e  d e n s ity  o f  th e  l i q u id ,  the  o th e r  symbols hav ing
th e i r  u su a l s ig n if ic a n c e .
( ’53)We have a lre a d y  m entioned th e  f a c t  th a t  von Karman so lved
e q u a tio n s  (9) -  (12) fo r  th e  case o f  a  la rg e  r o ta t in g  d is c  in  a  la rg e
(34)volume o f  l i q u id ,  and th a t  Cochran l a t e r  improved von Karman's s o lu t io n .
 ^2
In  such a  system  we have 3 p • , v : , o v v , so th a t  th e  term
^  = 0 , ^  = 0 , . ^  = 0 , ^
-  1 _ ^  v an ish es  from e q u a tio n  (9) w hile  th e  term s v 3  v , v and
y f  i i
1 2^  V  a l l  v an ish  from eq u a tio n  ( 11) .
r  3  r
The methods adopted by von Karman and Cochran to  so lve  th e se  eq u a tio n s  
in v o lv e  r a th e r  te d io u s  s e r ie s  s u b s t i tu t io n s  th e  d e t a i l s  o f  which we
s h a l l  n o t g ive h e re .  C o ch ran 's  s o lu t io n  y ie ld s  fo r  v (which i s  the
^ (29)on ly  v e lo c i ty  component needed in  L e v ic h 's  physicochem ical trea tm e n t
o f  the  r o ta t in g  d is c  e le c tro d e )  th e  v a lu e ,
1 1 .
Vy = -  (w y )^  [0.510 ( ^ y ^  -  0 .333  (p )^  r ’ + 0 .103  ( j ) ^ y
  (13)
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L ev ich made s im p lify in g  assum ptions which enabled  him to  reduce eq u a tio n  (8)
2
to  the  much more sim ple eq u a tio n , D d e  = v dc. For v he
dy2 ^ dy ^
s u b s t i tu te d  the  r ig j i t  hand s id e  o f  e q u a tio n  (13) and was the reb y  enabled
to  so lv e  th e  problem  o f mass t r a n s p o r t  in  la m in ar flow to  a  la rg e  r o ta t in g
d is c  in  a  la rg e  volume o f l i q u i d é e . f .  the  D iscu ssio n  and eq u a tio n s  ( l l )
to  ( l 4) in  the  In tro d u c t io n  »
In  view o f  th e  f a c t  th a t  r o ta t in g  c y lin d e rs  have been much used in  th e
study  o f  heterogeneous r e a c t io n s ,  i t  i s  in t e r e s t i n g  to  in v e s t ig a te  the
s o lu t io n  o f  eq u a tio n  (8) in  the  case o f  two r o ta t in g  c o n c e n tr ic  c y lin d e rs
th e  annu lus between which i s  f i l l e d  w ith  a  v isco u s  r e a c t iv e  f l u i d .  Suppose
th e  c y lin d e rs  a re  b o th  i n f i n i t e l y  long  th u s  red u c in g  th e  problem  to  a
p lan e  one, and th a t  b o th  r o ta te  about t h e i r  common a x is  w ith  d i f f e r e n t  v e l o c i t i e s .
The N av ier-S tokes eq u a tio n s  can be co n sid e rab ly  s im p lif ie d  because b o th  v^
and V a re  ze ro , and, fu rth erm o re , '^v  ", '^v v and ^ v  .
"  § F  = ° ’ > - F  = °  à /  =
T h ere fo re  we a re  l e f t  w ith
ÿ  = 1  âE    ( 14)
r  P d r
d^v 1 dv V   ( 15)
+  È ® = 0
d r  r  d r  r
E quation  ( 15) has th e  g e n e ra l s o lu tio n :
v = A r + B  . . . . . .  ( l6 )
r
where A and B a re  c o n s ta n ts  f o r  a  g iven  p a i r  o f  c y lin d e rs  r o t a t i n g , a t  g iven  
v e l o c i t i e s .  They can e a s i ly  be determ ined w ith  th e  a id  o f  th e  boundary 
c o n d itio n s  v^ = r^  w  ^ a t  r  = r^ and = r^  a t  r  = r^» where r^  and r^
a re  r e s p e c t iv e ly  the  r a d i i  o f  th e  in n e r  and o u te r  c y l in d e r ,  and w  ^ and w^
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a re  th e  re s p e c t iv e  a n g u la r v e lo c i t i e s  o f  th e  in n e r  and o u te r  c y lin d e r .
By s u b s t i tu t io n ,  we g e t
 ^ '  " 2  . . . . . .  (17)
2 2
1^ " 2^
B = (w^ -  Wg) r^ ^ r^ ^  . . . . . .  (I8 )
— —  —
1*2 -
In  such an id e a l  system  w ith  la m in ar flow , th e  p a r t i c l e s  o f  l iq u id  flow in  
c o n c e n tr ic  c i r c l e s  about th e  common a x is  w ith  l i n e a r  v e lo c ity  Vq depending 
on th e  ra d iu s  r  acco rd in g  to  eq u a tio n  ( I 6 ) ,  and fo r  a  g iven  r  a l l  the  p a r t i c l e s  
in  th e  i n f i n i t e  c y l in d r ic a l  s h e l l  have th e  same v because v _ ^
There i s  no flow in  th e  r a d ia l  d i r e c t io n  tow ards the  c y lin d e r  w a lls .
In  the  s p e c ia l  case o f  a  s in g le  c y lin d e r  r^  r o ta t in g  in  an i n f i n i t e  
f lu id ,  r^  — -> 00 and w^ = 0 . Hence A = 0 and e q u a tio n  (16) s im p l i f ie s  
to  ;
2
v^ = w^  r^ = co n s ta n t . . . . . .  ( 19)
Q J L - J —  — 7 —
r
R etu rn ing  to  th e  case o f  two co n c e n tr ic  c y lin d e rs  r o ta t in g  about 
t h e i r  common a x is ,  we see th a t  as  th e re  i s  no r a d ia l  convection  in  the  id e a l  
case , t r a n s f e r  o f  r e a c t iv e  s o lu te  m olecules to  th e  c y l in d e r  s u rfa c e s  must be 
by d i f fu s io n  a lo n e . The c o n c e n tra tio n  c o f  s o lu te  i s  independent o f  bo th  
0 and y , so th a t  a l l  th e  f i r s t  and second d e r iv a t iv e s  o f  c w ith  re s p e c t  
to  b o th  0 and y in  eq u a tio n  (8) a re  z e ro . T h ere fo re , remembering a lso  
t h a t  V = 0 , eq u a tio n  (8) reduces  to :
c = D / ^ ^ c  + 1 3 c
# # # # # # (20)
Now suppose th e  in n e r  c y lin d e r  i s  made o f  magnesium and th a t  i t  i s  
r o ta t in g  about i t s  a x is  w h ile  the  o u te r  c y lin d e r , which we may reg a rd  a s
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th e  u n re a c tiv e  w all o f  th e  c o n ta in in g  v e s s e l ,  i s  s t a t io n a r y .  We may fu r th e r
suppose th a t  th e  a n n u la r  space between the  c y lin d e rs  i s  f i l l e d  w ith  a
r e a c t iv e  s o lu tio n  such as  h y d ro c h lo ric  a c id .  Our problem  i s  to  so lve
the  p a r t i a l  d i f f e r e n t i a l  eq u a tio n  (20) f o r  c in  term s o f  th e  tim e t  and
th e  r a d ia l  d is ta n c e  r  from th e  common a x is  o f  th e  c y lin d e rs , s u b je c t  to
the  fo llo w in g  i n i t i a l  and boundary c o n d itio n s :
c = c  a t  t  = 0 . . . . . .  I n i t i a l  c o n d itio n ,o
c = 0 a t  r  = b , where b i s  th e  ra d iu s  o f  the  o u te r  cy lin d e r)  
b r  )
)
-  D b  c = ko a t  r  = a ,  where a  i s  th e  ra d iu s  o f  th e  in n e r  \
a r  c y lin d e r  s
/ Boundary
a .<  r ^  b k i s  th e  chem ical r a te  co n s ta n t o f   ^ co n d itio n s
th e  r e a c t io n  between magnesium and \
a c id , and D the  d i f fu s io n  j
c o e f f ic ie n t  o f  th e  a c id .  ^
I t  w i l l  be noted  th a t  th e se  i n i t i a l  and boundary co n d itio n s  a re  s im i la r  to  
(o)
th o se  o f  R o lle r  d isc u sse d  e a r l i e r .
L et us assume a s o lu tio n  o f  th e  form
c = R ( r ) .  T ( t)  . . . . . .  (21)
where R (r) i s  a  fu n c tio n  o f  r  on ly  and T ( t)  i s  a  fu n c tio n  o f  t  o n ly .
T here fo re  we have,
2) c = R ( r ) .T * ( t)  . . . .  . (22)
% t
where T ’ ( t )  i s  the  f i r s t  p a r t i a l  d e r iv a t iv e  o f  T ( t)  w ith  re s p e c t  to  t ;
^ c  = T ( t ) .  R '( r )  ............  (23)
"Dr
R '( r )  b e in g  the  f i r s t  p a r t i a l  d e r iv a tiv e  o f  E (r)  w ith  re s p e c t  to  r ;
5^0 = T ( t ) .  R "(r) ............................................................................ ............ ( 24)
R'‘( r )  b e in g  th e  second p a r t i a l  d e r iv a t iv e  o f  R (r) w ith  re s p e c t  to  r .
Now making th e  a p p ro p r ia te  s u b s t i tu t io n s  from (22) ,  (23) in  eq u a tio n  ( 20) ,  
we have.
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1 .  E ( r ) .  T '( t )  = T ( t ) .  E " (r)  + T ( t ) .  R '( r )  ,
Ï) r
i . e . ,  T '( t )  = E” ( r )  + E '( r )     (25)
 ^ F r T t )  ËTiT~ - —
In  eq u a tio n  (25) th e  v a r ia b le s  a re  s e p a ra te  and in  g en era l we must s e t  bo th
■ ■ +  /  2s id e s  o f  such an ex p re ss io n  equal to  a  c o n s ta n t, say -  . Using the
n e g a tiv e  s ig n  b e fo re  th e  c o n s ta n t, we have
2 ' ( t )  = -  ^ = R” ( r )  + R '( r )
D“TTt) R lrT  r  rT t )
hence T '( t )  = ~ / \ ^ D T ( t )    (26)
and r ^ ” ( r )  + r  R '( r )  + r^  R (r) = 0  . . . o , .  (2?)
We th u s see t h a t ,  u s in g  th e  method o f  th e  s e p a ra tio n  o f  v a r ia b le s ,  
we have succeeded in  a r r iv in g  a t  two o rd in a ry  d i f f e r e n t i a l  eq u a tio n s  (26) 
and (27) .  E quation  (26) i s  r e a d i ly  so lv ed , g iv in g
T (t)  = X e '  ® ^  *   (28)
where X i s  a c o n s ta n t .  E quation  (2?) i s  a form o f  B e s s e l’s d i f f e r e n t i a l  
eq u a tio n  and i t s  s o lu tio n  in v o lv es  the  use o f  i n f i n i t e  s e r ie s  known as 
B esse l fu n c tio n s .  In  ou r problem  th e  range o f  r  does n o t e x te n d  to  th e  
o r ig in .  T here fo re  in  th e  g en era l s o lu tio n  o f  eq u a tio n  (27) ,  B esse l fu n c tio n s  
o f  th e  second k ind  o f  o rd e r  zero must be used a s  w e ll as  those  o f  th e  
f i r s t  k in d . The g en e ra l s o lu t io n  o f  t h i s  eq u a tio n  i s ,
R (r) = A J  (/V r) + B Y ( / \ r )    ( 29)o o
wh^re J  ( ~?\r) i s  a  B esse l fu n c tio n  o f  the  f i r s t  k in d  o f  zero o rd e r ,o
Y ( /S r )  i s  a B esse l fu n c tio n  o f  th e  second k ind  o f  o rd e r  ze ro , and A and ■ o
B a re  a r b i t r a r y  c o n s ta n ts . Hence th e  s o lu tio n  o f  eq u a tio n  (20) i s
c ( r , t )  = e ^ ^ ^A ( ^ r )  + B (^-r)j  . . . . . .  ( 30)
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w here, w ith o u t lo s s  o f  g e n e ra l i ty ,  X has been p u t equal to  u n i ty .
We must now apply  ou r i n i t i a l  and boundary c o n d itio n s  to  eq u a tio n  (30)
in  o rd e r  to  t r y  to  o b ta in  an e x p l i c i t  s o lu tio n  to  ou r problem . Making use
o f  the fo llo w in g  p ro p e rty  o f  th e  B essel fu n c tio n s , 3  J^ ( / \  r )  = -  ^  J^ ( r )
"d r
( 7 \r) = -  > Y  ( / S r ) ,  and ap p ly ing  the  boundary co n d itio n  ^  c = 0o I x,p -  o r
a t  r  = b to e q u a tio n  (3 0 ) , we have
0 = -  Ae ^ A J^ (b b )  + B Y^(>vb) j  ,
i . e . ,  -  = -    (31)
Upon s u b s t i tu t in g  fo r  c and o c in  th e  boundary co n d itio n  eq u a tio n
- D ^ c  = k c a t  r  = a , we have
kCA J  ( À a )  + B r  ( ®o o
i . e . ,  k = A [A J^(A a) + B Y ^(.A a)]    (^2)
^ [A a) + B Y ^(X a)]
I f  we s u b s t i tu te  th e  value  o f  A g iven by eq u a tio n  ( 31) in  eq u a tio n  ( 32) ,  
we o b ta in
k = A C J.(? ib )  Y . ( b a )  -  J . ( ? \ a )  Y ( > b ) ]
p . ... . I ■■-, . 1 -^ .— .^ " ' . . . . . .  ( 33 /
[ J ^ O b )  Y ^ ( b a )  -  Y.|( A b )]
The e x p re ss io n
A f j  ( A r )  -  . Y ( A r ) l  e
Ÿ ^ ( b b )  /
- D A ^ t
s a t i s f i e s  eq u a tio n  (20) and th e  boundary c o n d itio n s , where A i s  an a rb itra ry
c o n s ta n t and ?\ i s  any ro o t o th e r  than  zero o f  eq u a tio n  (33) .
The g en era l s o lu tio n  o f  eq u a tio n  (20) i s  
oo n A ^4.
c ( r , t )  = "S A^ e n [ J Q( A^ r )  ( A^b) -  J ^^ A^ ^ )  A ^r)
  (34)
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The v a lu es  o f  the  co n s ta n ts  can be determ ined in  th e  fo llow ing  way, 
making use o f  the  i n i t i a l  co n d itio n  th a t  c ( r , t )  = c^ a t  t  = 0 . E quation  ( 54) 
then  becomes
"o . . . . . .  ( 35)
n=1
where we have w r i t te n  0  r) fo r  [ J  ( r)  Y. (X  b) - J .  ( >  b)Y ( X r ) l .o n o n  1 ' n  I ' ^ n o  ^’ n
M u ltip ly in g  b o th  s id e s  o f  eq u a tio n  ( 35) by r^Z^^(X^r), we have
. . . . . .  (36)
In te g ra t io n  o f  eq u a tio n  (36) between the  l i m i t s  a  and b g iv es
r "  . r "  .  r  , ,




By a s tan d a rd  procedure^^^^ and u s in g  the  f i r s t  boundary co n d itio n
( 37)
0  \ A  b) = 0 , we have , o D
! T0 ( X 1r ) 0\ ( A ^ r ) d r  = 0 ,% ^ O 1 O d
vA a
prov ided  A ,j and X ^ a re  two d i s t i n c t  ro o ts  o f
( i )  (0 ( A a) = 0o
o r  ( i i )   ^( A a) = 0o
or  ( i i i )  A^(^" ' (Aa)  + h^ '^(A a) = 0,
where 0  ^(A a) =/' d0^(%) ^ , and h i s  an a r b i t r a r y  c o n s ta n t.
°  V  d x  J  X  = A a
In  ou r case , c o n d itio n  ( i i i )  i s  s a t i s f i e d  because i t  i s  the  same as  the 
second boundary c o n d itio n  / \ ( / ^ ^ ( A a )  = -  ~ c ( ^ ( / \ a ) o  T herefo re  i t  fo llow s
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th at a l l  the in te g r a ls  on the r ig h t hand s id e  o f  equation <37) exoej^




from which A = c 1 lÿf ( A r ) d r  n o I ^o n
- 'a (38)
a
S u b stitu tin g  the value o f  A  ^ given by equation (38) in  equation (34) ,  we have 
c ( r , t )  = c  ^^  e ^ ^ n   ^ . j# (% r ) .  1 r0^( A^r)dr
2 -------------- r — ............................... ............
n=1 j d r
(/ a
Equation (39) i s  the formal general so lu tio n  o f  equation (20) su b ject to the  
i n i t i a l  and botindary co n d itio n s . With i t s  a id  we can ca lcu la te  the v a r ia tio n  
o f  so lu te  concentration  w ith resp ect to ra d ia l d istan ce r  from the a x is  o f  
the concentric cy lin d ers and the time t ,  when the so lu tio n  i s  in  lam inar flow .
I t  would be in te r e s t in g  to in v e s t ig a te  whether i t  ia  a t  a l l  p o ss ib le  to  
adapt the so lu tio n  o f  equation (39) to a more p r a c t ic a l s itu a t io n , such 
as a cy lin d er  ro ta tin g  in  a rea c tio n  v e s s e l in  the shape o f  a con ica l f la sk  
or a beaker, w ith the l iq u id  in  turbulent m otion. I f  such a so lu tio n  could 
be found, i t  might then be p o ss ib le  to develop a method o f  ca lcu la tin g  values  
o f  k^, the chemical rate constants, as an a lte r n a tiv e  to R o lle r 's  method.
Thanks are due to Dr. Bhagavan o f  the Mathematics Department,
Bedford C ollege fo r  h e lp fu l d iscu ssio n  o f  the boundary cond itions  
introduced above.
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I l l ( d )  Bate E qu a tio n s  fo r  H eterogeneous R eac tio n s  between S o lid s  and 
L iq u id s  when th e  A pparent Surface Area A o f  S o lid  v a r ie s  
A ppreciab ly  d u rin g  th e  Course o f  R eaction
No th e o r e t ic a l  tre a tm e n t o f  r a te  eq u a tio n s  fo r  heterogeneous r e a c t io n s  
in  th e  case where the  ap p are n t a re a  o f  a  d is s o lv in g  m assive s o l id  changes 
a p p re c ia b ly  d u rin g  th e  course o f  re a c t io n  seems to  have appeared in  the  
l i t e r a t u r e .  We here  p re s e n t  a  tre a tm e n t th a t  s p e c i f i c a l ly  a p p l ie s  to  
r a t e  e q u a tio n s  in  th e  case o f  magnesium c y lin d e rs  d is s o lv in g  in  a c id  s o lu tio n s ,  
L et us c o n s id e r th e  r e a c t io n  between th e  curved su rfa c e  o f  a 
magnesium c y lin d e r  o f  ra d iu s  r  cm. and an a c id  s o lu t io n  o f  volume V c .c .  In  
tim e d t  seconds l e t  th e  d ec rease  in  c o n c e n tra tio n  o f  th e  a c id  be dc grams 
p e r  c .c .
. . The number o f  grams th a t  have d isap p ea red  from th e  volume V = Vdc.
. . The number o f  grams (m) o f  magnesium th a t  have d isap p ea red  = 12.16 Vdc,
E
where E i s  th e  e q u iv a le n t w eigh t in  grams o f  th e  a c id .
Now p = m , where p = the d e n s ity  o f  th e  s o l id ,  m i t s  mass and
V
V i t s  volume.
In  t h i s  case , m = 12wl6 Vdc ,
E
V  = 2n rh d r , where h = th e  le n g th  o f  th e  c y lin d e r  and
d r  = th e  d ecrease  in  i t s  ra d iu s  in  tim e d t  se c .
P ~ 12.16 Vdc = 6 .08  Vdc
27irhE dr TirhEdr
so dc = nrhpE . d r  . . . . . .  ( 1)
"TToF V
I n te g r a t io n  o f  e q u a tio n  ( 1) g iv e s :
c = TihpEr^ + I  . . . . . .  (2)
12.16 V
where I  i s  a  co n s ta n t o f  in te g r a t io n .
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Many heterogeneous r e a c t io n s  between v a r io u s  s o l id s  and d i f f e r e n t  
l iq u id s  have been in v e s t ig a te d  k in e tic a lly ^ ^ ^ ^  and i t  has been found th a t  
they  obey r a te  e q u a tio n s  o f  th e  fo llo w in g  form:
-  dc = k A . c^ ............ (3) ,
d t  V
where k = th e  r a te  c o n s ta n t p e r  u n i t  a re a  a t  u n i t  volume, A = the  a re a  
o f  s o l id  exposed to  a t ta c k  by the  l iq u id  re a g e n t, V = the  volume o f  the  
l i q u id .  In  most o f  th e se  in v e s t ig a t io n s ,  th e  a re a  A has been assumed to  be 
co n s ta n t d u rin g  the  course o f  r e a c t io n .  I t  has been found in  many cases 
th a t  th e  exponent n i s  u n ity ,  i . e . ,  th e  r e a c t io n  i s  o f  th e  f i r s t  o rd e r  in  
re a g e n t c o n c e n tra tio n  c . S u b s t i tu t in g  th e  v a lu e  o f  dc g iven  by eq u a tio n  ( 1) 
in  eq u a tio n  (3 ) ,  we have:
-  TcrhpE . d r  = k . S n rh .c^ ,
6 .0 8  V d t  V
i . e . ,  -  ^  = 12.16 k . c^......................................................................... ............ (4)
d t  pE
I f  th e  r e a c t io n  i s  o f  the  f i r s t  o rd e r , n = 1 and eq u a tio n  (4) becomes;
-  d r  = 12.16 k . c . . . . . .  (5)
d t  pE
S u b s t i tu t in g  the  value  o f  c g iven  by e q u a tio n  (2) in  e q u a tio n  (5 ) ,  we
have : -  d r  = 12.16 k /  TthpEr^ + I  j
d t  pE ^ 1 2 .1 6  V J
= Ttkh ( r^  + a ^ ) , where a^ = 12. 16 VI
V • nhpE
so -  d r  = Ttkh • d t .............................................................................  (6)
( r^  + a^) V
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In te g r a t io n  o f  e q u a tio n  (6) g iv e s :
- I-  Tan /  r  \  = T ck h  . t  + I  ' ,  
a  V
i . e . ,  Tan -  /^ nkha .  t  + I "  . . . . . . .  (7) ,
I  aJ V j
where I"  i s  a  co n s ta n t o f  in te g r a t io n .  Thus i f  th e  re a c t io n  between th e  m etal
c y lin d e r  and th e  a c id  i s  o f  th e  f i r s t  o rd e r , a  p lo t  o f  Tan ^ v e rsu s  tim e
a  f
should  g ive a  s t r a i ^ t  l i n e  w ith  a  n eg a tiv e  s lo p e . T h is  s lope  i s  n u m erica lly
equal to  mkha, so th a t  i f  we denote th e  s lo p e  by m we can c a lc u la te  th e  
V
r a te  c o n s ta n t k from th e  r e la t io n s h ip
k = mV    (8)
T ïh a
Here a  = /  12,16 VI , and i t  can be seen  from e q u a tio n  ( 2) th a t  I  = c,
y  *
th e  c o n c e n tra tio n  o f  th e  ac id  when r  = 0 , i . e .  when a l l  o f  th e  magnesium 
has d is so lv e d ; t h i s  can e a s i ly  be c a lc u la te d  from th e  known amount o f  
magnesium and th e  i n i t i a l  c o n c e n tra tio n  and volume o f  th e  a c id .
The r a te  co n s ta n t k can a lso  be c a lc u la te d  by a  n o n -g rap h ic a l method, 
fo r  i t  can be seen  from eq u a tio n  (?) th a t
k = (e^ -  ©2)v   (9) ,
Tchta
where 0  ^ = Tan  ^ ^ ^  0g = Tan ^^ ^2^, r^  and r^  th e  ra d iu s  o f  th e
c y l in d e r  a t  tim es t^  and t^ ,  r e s p e c t iv e ly ,  a f t e r  th e  commencement o f  the
r e a c t io n ,  and t  = t^  -  t ^ .
I f  v/e r e f e r  ag a in  to  eq u a tio n  (4) and p u t n = 2 , i . e .  th e  r e a c t io n  '
between m etal and s o lu t io n  i s  o f  th e  second o rd e r , we have;
-  d r  = 12.16 k  . c^ . (10)
ï ï f  pE
S u b s t i tu t in g  th e  value  o f  c g iven  by eq u a tio n  (2) i n  eq u a tio n  ( 10) ,  we have
160,
-  d r  = 12o16 k f  TthpEr^ + ^
d t  pE ^  12TiF"V j
= 1 2 .16  k / " f  j r^  + 12 .16  V l \ ^
pE ^  1 2 .1 6 ^  \  TihpE [
= k pE ii^^  f  r^  + 12,16 V l \ ^
_  ?    f
12.16 AT I  ithpE J
= k p E n ^ ^  T  r^  + where, as  b efo re
12.16  I  J
2
a  = 12,16 VI , SQ, a f t e r  s e p a ra t io n  o f  v a r ia b le s ,  we have
TthpE
2 2-  d r  = kpErr h . d t  
( r ^ + ~ ? ) ^  12.16
The l e f t  hand s id e  o f  eq u a tio n  ( 11) can be in te g ra te d  by making use o f  the
fo llo w in g  re d u c tio n  form ula;
2X = 2ma J  -  (2m -l) J
? - — 2Tm  m+1 “+ a^y
where J  (x) =m
e
dx . In  ou r case , m = 1 , so we have;
(x^ + a f )*
d r  = r  + 1  Tan / r  \ .
ZTFF + a'4a2 IP (âj
On in te g r a t in g  b o th  s id e s  o f  eq u a tio n  ( 11) ,  th e re  r e s u l t s :
+ 1 Tan
2a ^ (P  + a^) 2a^ ' ' 12.16 f
-  kpBn^hft + r> '
I . e . ,  a r + T a n " ' ' ^ r ^ =  -  k p B p P P t  + I ' "
( P  + a^) V /  6 .08
where I " ' i s  an in te g r a t io n  c o n s ta n t .
( 12)
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I f  th e  r e a c t io n  between the  magnesium and a c id  i s  o f  th e  second 
o rd e r , a  p lo t  o f  "^ a r(r^  + a^)  ^ + Tan  ^ ^ t  v e rsu s  tim e should  give
a s t r a i g h t  l i n e  w ith  a  n eg a tiv e  slope» T his s lo p e  should  n u m erica lly  
be equal to  kpE rt^^a^ , so we can c a lc u la te  th e  r a te  c o n s ta n t from the
6 .08
r e la t io n s h ip
k = 6 .08  V^ m . . . . . .  (13)
where m i s  th e  num erical va lue  o f  the  s lo p e . The co n s tan t k can be 
c a lc u la te d  by a  n o n -g rap h ic a l method, f o r  we can see from eq u a tio n  (12) t h a t
60O8 [a  s 2
 y  * ________ ^




- l A l \  - 1 ' '^ 2 ')where = Tan \^a“ /  ’ ®2 ~ ( — ÿ , r^ and r^  b e ing  su ccess iv e
v a lu es  o f  the  c y lin d e r  r a d iu s .
The in te g r a l  I d r_________  , which i s  re q u ire d  to  work o u t the
V Xr^ + a^ )^
r a te  ex p re ss io n  fo r  a  th i r d  o rd e r  r e a c t io n ,  can a lso  be ev a lu a te d  by u s in g  
th e  same re d u c tio n  form ula a s  we have ju s t  used in  working o u t th e  second 
o rd e r  r a te  e x p re ss io n , Thus we have,
1 d r  . ^ r  +  J r --+ _ 5 _ T a n ‘ V r \
J  (r^ + a^)^ 4 a ^ (P  + a^)^ 8a ( P  + a^) 8a^ /
In  Table 50 a re  c o l le c te d  th e  in te g ra te d  r a te  ex p re ss io n s  in  th e ' 
case o f  r e a c t io n s  between magnesium and a c id s  when th e  o rd e r  o f  r e a c t io n  n 



















In  Table 51 a re  c o l le c te d  ex p re ss io n s  fo r  th e  r a te  c o n s ta n ts  k
(w ith  s u b s c r ip ts  in d ic a t in g  the  value o f  n ) , c a lc u la te d  by a n o n -g rap h ic a l
method from the  e x p re ss io n s  in  Table 50 . The s ig n if ic a n c e  o f  the  symbols
© , 0 , 0 , 0 , r  and r  in  Table 51 a re  as  fo llow s 1 2 s  s
0 = Tan  ^ /  ^ l \ i  0-  = Tan  ^ f  ^2%, 6 i s  the  value  o f  Tan  ^ ^ a t
 ^ — j V
the  beg inn ing  o f  the  r e a c t io n  when the  c y lin d e r  ra d iu s  i s  r ,  and 0^ the  
value o f  Tan — \  a t  tim e t  from the  beg inn ing  o f  th e  r e a c t io n  when the
• V V
ra d iu s  o f  th e  c y lin d e r  i s  r  .s
The above tre a tm e n t o f  the  he terogeneous r e a c t io n  between magnesium and
a c id s  assumes th a t  th e  s p e c i f ic  r a t e  co n s ta n t k i s  independent o f  the
d iam ete r o f  the  m etal c y l in d e r .  However, i t  ap pears  from the  work o f
( 32)E isen b erg , T obias and Wilke th a t ,  f o r  r e a c t io n s  the r a te s  o f  which 
a re  c o n tro lle d  by t r a n s p o r t  p ro c e s se s , k may w ell be p ro p o r tio n a l to  the  
c y lin d e r  d iam ete r d^ ra is e d  to  th e  power o f  0 . 4 . These in v e s t ig a to r s  
s tu d ie d  th e  d is s o lu t io n  o f  c y lin d e rs  o f  benzoic and cinnam ic a c id s  in  
aqueous g ly c e ro l s o lu t io n s ,  a lso  the  e l e c t r o l y t i c  o x id a tio n - re d u c tio n  
r e a c t io n  between po tassium  fe rro cy an id e  and po tassium  fe r r ic y a n id e  in  
aqueous a l k a l i  s o lu t io n s  a t  th e  curved su rfa c e  o f  n ic k e l c y lin d e rs  
r o ta t in g  about t h e i r  axes in  th e  cen tre  o f  s t a t i c ,  c i r c u la r ,  c y l in d r ic a l  
e le c tro d e s  o f  th e  same m a te r ia l ,  the  aqueous s o lu t io n  f i l l i n g  th e  an n u la r  
space between the  e le c tro d e s .
E isen b erg , Tobias and Wilke found th a t  in  the  R eyno ld 's  Number 
range o f  1,000 -  100,000 t h e i r  d a ta  can b e s t  be re p re se n te d  by th e
fo llo w in g  eq u a tio n :
0,644 - 0.3
I  (Sc) = 0.0791 (Rd)   ( 15)
where k i s  the  r a t e  co n s ta n t p e r  u n i t  a re a  a t  u n i t  volume fo r  the  r e a c t io n  
(o r  d is s o lu t io n  p ro c e ss )  in  cm /sec ., P ( th e  a u th o rs  use V) th e  p e r ip h e ra l  
v e lo c i ty  o f  the c y lin d e r  in  cm /sec ., Sc th e  Schmidt Number, and Rd the  
R eyno ld 's  Number.
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O rders o f  R eac tion  Between Magnesium and Acid





I r  +a
pEit h a  t
k_ = 3( 12. 16)^V
OR k_ = 3 (1 2 .1 6 )^V
r  +a
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Rd = Pd^ , where d^ = c y lin d e r  d iam ete r in  cm., and
^ ) /  = k in em atic  v is c o s i ty  in  cm ^/sec.
Sc = where = v is c o s i ty  o f  the  s o lu tio n  in  e .g . s .  u n i t s ,
pD
p = i t s  d e n s ity  in  g m /c .c ., and D = th e  c o e f f ic ie n t  o f
= ^  d i f fu s io n  o f  th e  r e a c t iv e  s o lu te  in  cm^/sec 
D
By making use o f  th e  d e f in i t io n s  o f  th e  Reynold and Schmidt Numbers j u s t
g iven , we can c a s t  eq u a tio n  ( 15) in to  th e  fo llo w in g  form:
\  - 0.644
k = 0.0791 P /  Pd. ^I#/ \ ~ j
= 0.0791 gp.7a 0 .4  - 0.344 jjO.644 (16)
where S = the  r o ta t io n a l  speed o f  the  c y lin d e r  in  re v o lu t io n s  p e r  second 
( r . p . s . ) .  T his eq u a tio n  (16) shows us th a t  E isen b erg , Tobias and Wilke 
succeeded in  in c o p o ra tin g  in to  a  s in g le  c o r r e la t io n  the  e f f e c t  o f  c y lin d e r  
d iam ete r, speed o f  r o ta t io n ,  d i f fu s io n  c o e f f ic ie n t  and v is c o s i ty  on mass
(49)t r a n s f e r  r a t e s .  I t  i s  i n t e r e s t i n g  to  no te  th a t  Roald and Beck found
0 .7a  r e la t io n s h ip  o f  th e  form k = c o n s ta n t .  P " fo r  magnesium c y lin d e r  
e le c tro d e s  r o ta t in g  in  ]% rdrochloric a c id .  T h is r e la t io n s h ip  fo llow s from 
e q u a tio n  (1 6 ), fo r  a  g iven  system  (c o n s ta n t Y' and D) and r o to r  d ia m e te r . 
Furtherm ore B runner's^^^  r e s u l t s ,  re p re se n te d  by th e  eq u a tio n  k = c o n s ta n t S 
fo r  a  g iven  r o to r  d iam ete r and a  given s e t  o f  p h y s ic a l p r o p e r t ie s  o f  th e  • 
system , a re  in  approxim ate agreem ent w ith  eq u a tio n  (1 6 ) , On th e  o th e r  hand,
a  l i n e a r  dependence o f  d is s o lu t io n  r a te s  o r  l im i t in g  c u r re n ts  on th e  
v e lo c i ty  o f  ro ta t io ]  
v ;ith  eq u a tio n  (1 6 ),
(21)t i n  proposed by King and Schack , i s  n o t in  agreem ent
166 .
Provided  th a t  eq u a tio n  ( l6)  can be a p p lie d  to  th e  d is s o lu t io n  
o f  magnesium c y lin d e rs  in  a c id s  under th e  c o n d itio n s  o b ta in in g  in  ou r 
experim en ts, we must modify ou r r a te  eq u a tio n  (4) to  allow  fo r  th e  f a c t  
th a t  the  r a t e  co n s ta n t k depends upon th e  c y lin d e r  d ia m e te r. For a given 
s e t  o f  p h y s ic a l p r o p e r t ie s  (c o n s ta n t ) /  and D) and a  c o n s tan t speed o f
r o ta t io n  8, eq u a tio n  (16) reduces to :  
k = K r^*^ ( 17)
where K = 0.0791 8^“*^ X  0,344 ^0.644 i s  a  co n s tan t a t  a given
te m p era tu re . 8 u b s t i tu t io n  o f  ( 17) in  (4) g iv e s :
0.4d r
d t
12.16 X r  
pE . C
n (18)
S u b s t i tu t in g  th e  value o f  G given  by eq u a tio n  (2) in  e q u a tio n  ( l8 )  and 
p u t t in g  n = 1, we g e t:
d r  Tixh
( r 2 + a2) V
. d t ( 19)
I f  the  r e a c t io n  between magnesium and a c id  i s  o f  th e  second o rd e r , i . e . ,  
n = 2, eq u a tio n  (18) becomes;
  _  XpEn^h^
12 .16
. d t ( 20)
In te g ra t io n  o f  e q u a tio n s  ( 19) and (20) between th e  l i m i t s ,  r^ a t  tim e t^ .
and r^  a t  a  l a t e r  tim e t^  (r^  > r^ ) g iv e s :
d r
r ^ - 4 ( r 2  ^ ^2^
Ttxh
V
. t ( 21)
and - d r______
r ° - \ r 2  + a2)2 12 , 16
where t  = t^  -  t ^ .  The in te g r a l s and
...... ( 22 )
d r
1 1
can be e v a lu a te d  by num erical methods, e . g .j by u s in g  8impson*s r u le .
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There a re  two methods th a t  can be used to  determ ine the  o rd e r  o f  
r e a c t io n  in  such cases  as  we have ju s t  been d is c u s s in g :
(a) The Method o f  In te g ra t io n ;
(b) The D i f f e r e n t ia l  Method.
We s h a l l  d is c u s s  each o f  th e se  methods in  tu n r .
(a) The Method o f  I n te g ra t io n
For our purpose we w r ite  eq u a tio n s  (21) and (22) ,  r e s p e c t iv e ly ,  in  
th e  fo llo w in g  form s:
f ' ’ d r   ^ ^ Tihx
~ . T  
2 ^
7^7,-— =-----  g = X t ,  where X = — ^  , a  c o n s ta n t,
( r^  + a^)  ^  ^ ^
r^ i
o r  X. = T- \ “?r‘7r~“ o“ o fo r  a  f i r s t  o rd e r  re a c t io n ;1 t  yO.4  (p2 + g2)
^  rg
d r _ Xg t ,  where _ K pEn^^ , a  co n s ta n t
12.16r  ( r  + a  )
^2
1 d r
o r  X = T- j 0.4  / 2 2 \2  fo r  a  second o rd e r  r e a c t io n .^ ^ I r  ( r  + a  )
^2
In  g e n e ra l, fo r  an n^^ o rd e r  r e a c t io n ,  we have 
1 n  d r
xn = i  j
^2'
The p rocedure  to  be adopted i s  to  determ ine the  ra d iu s  o f  a  g iven  
c y lin d e r  r o ta t in g  in  a c id  s o lu t io n  a f t e r  v a r io u s  in te rv a s  o f  tim e, and to  
s u b s t i tu te  th e  d a ta  in  th e se  e q u a tio n s . The eq u a tio n  co rrespond ing  most 
c lo se ly  to  th e  c o r re c t  o rd e r  o f  th e  r e a c t io n  should  g ive the  most co n s tan t 
value*' o f  X.
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(b ) The D if fe r e n t i a l  Method
C o n s id e ra tio n  o f  e q u a tio n s  (2) and ( 18) shows th a t  in  g e n e ra l,
-  ■ff' -  constan to  r ^ ° ^ ( r ^  + a^ )^  . . . o . .  (24)
For two d i f f e r e n t  r a d i i ,  = c o n s ta n t, r . ^ “\ r . ^  + a^ )^
d t  ‘
and -  = c o n s ta n t, r  ^ * ^ ( r .^  + a ^ )^ .
d t  ^
...
^ 2  ( r  2 + a2)K
d t  d. d.
(25)
By ta k in g  lo g a rith m s  o f  b o th  s id e s  o f  eq u a tio n  ( 25) ,  i t  i s  r e a d i ly  shown 
th a t
lo g  (■ } -  lo g  / ^^2 ^  + Oo4 / lo g  r_  -  lo g  r .  L
„  =  4 - 4 ---------------  (26)
lo g  (r^  + a  ) -  logC r^ + a )
Data fo r  s u b s t i tu t io n  in  th e  r ig h t  hand s id e  o f  eq u a tio n  (26) can be 
o b ta in ed  from a p lo t  o f  ra d iu s  r  v e rsu s  tim e t  fo r  a  g iven  c y lin d e r  r o ta t in g  
a t  co n s ta n t speed in  ac id  s o lu t io n :  th e  s lo p e s  o f  the  ta n g e n ts  ^  
co rrespond ing  to  d i f f e r e n t  v a lu e s  o f  r  a re  measured and s u i ta b le  p a i r s  o f  
v a lu es  o f  r  ( r .  and r^ ) to g e th e r  w ith  the  co rrespond ing  v a lu es  o f
r v '
^ l i . e . , a n d '  ^ ^ 2 \  a re  s u b s t i tu te d  in  eq u a tio n  (2 6 ) .
\ d t / '  V d T /  % d r ;
I t  must be s t r e s s e d  th a t  the  s p e c i f ic  r a te  co n s ta n t k f o r  a  re a c t io n  
su b je c t  to  chem ical c o n tro l should  be independent o f  c y lin d e r  d ia m e te r. 
C onsequently  eq u a tio n  ( 4) and i t s  in te g ra te d  form s, such as  eq u a tio n  (?)
( f o r  f i r s t  o rd e r  eq u a tio n s) and eq u a tio n  (12) ( f o r  second o rd e r  e q u a tio n s ) , 
should  be a p p lic a b le  to  a c t iv a t io n  c o n tro lle d  r e a c t io n s .  On the o th e r  hand.
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eq u a tio n  ( l 8) and i t s  in te g ra te d  forms should ho ld  fo r  d i f fu s io n  c o n tro lle d
re a c t io n s ,  p rov ided  o f  course th a t  the  eq u a tio n  ( 15) i s  a p p l ic a b le .  In
th e  case o f  chem ically  c o n tro lle d  re a c t io n s ,  i t  must be borne in  mind th a t
th e  a re a  term in  eq u a tio n  (3) i s  A*, the  tru e  su rfa c e  a re a , in  p la c e  o f
th e  u s u a lly  measured ap p are n t a re a  A. The subsequent eq u a tio n s  can be developed
p rov ided  A* i s  d i r e c t l y  p ro p o r t io n a l  to  A th roughou t th e  measured course
o f  r e a c t io n .
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SECTION IV
D iscussion  o f  R e su lts  
IV (a) H ydroch lo ric  Acid
The r e s u l t s ,  p re se n te d  in  S ec tio n  11(c) and 11( e ) ,  o f  experim ents 
w ith  magnesium c y lin d e rs  o f  d iam ete r about 2 cm ., re v o lv in g  a t  f a i r l y  
low speeds in  0,033  M h y d ro c h lo r ic  a c id  a t  tem p era tu res  o f  25. 4 , 35.4 
and 44o2°C show th a t  th e  r e a c t io n  i s  o f  th e  f i r s t  o rd e r  w ith  r e s p e c t  
to  th e  c o n c e n tra tio n  o f  a c id  o ver an a p p re c ia b le  p a r t  o f  i t s  co u rse . 
K ilp a tr ic k  and Rushton^^^^^ have shown th a t  th e  r e a c t io n  a t  25°C w ith  a  
magnesium c y lin d e r  (o f  u n sp e c if ie d  d iam ete r) re v o lv in g  a t  600 r .p .m . i s  
o f  th e  f i r s t - o r d e r  over th e  c o n c e n tra tio n  range 0.01 M to  0,12  M 
h y d ro c h lo r ic  a c id .  F urtherm ore , the  r e s u l t s  o f  w e ig h t- lo s s  experim ents 
p re se n te d  in  S ec tio n  I I ( i )  su p p o rt th e  f in d in g s  o f  K ilp a tr ic k  and Rushton, 
and o f  Roald and Beck r e f e r r e d  to  e a r l i e r ,  th a t  th e  r e a c t io n  i s  o f  the  
f i r s t  o rd e r  in  a c id  c o n c e n tra tio n  up to  a  c o n c e n tra tio n  o f  about 0.1  M 
a t  low speeds o f  re v o lu t io n .
The v a lu es  fo r  th e  tem pera tu re  c o e f f ic ie n t  o f  r e a c t io n  k — , / 1c . ,3-? • 4 23 • 4
1. 24 , and fo r  th e  ap p are n t a c t iv a t io n  energy o f  4 . 1(7) k i l o c a lo r i e s  p e r  
mole su g g es t th a t  th e  re a c t io n  between th e  d i lu te  a c id  and magnesium i s  
d i f fu s io n  c o n tro l le d .  However, th e se  r e s u l t s  a re  n o t in  agreem ent w ith  
th e  r e s u l t s  o f  K ilp a tr ic k  and R u s h t o n ^ o v e r  th e  same tem p era tu re  range, 
who c a lc u la te d  fo r  d i lu te  a c id  a  tem pera tu re  c o e f f ic ie n t  (k^^ /k^^) o f  
1 .75 and an a p p a re n t energy o f  a c t iv a t io n  o f  10 .2  k c a l p e r  m ole, th e  
l a t t e r  f ig u re  e s p e c ia l ly  su g g e s tin g  chem ical c o n tro l .  F u r th e r  ev idence 
th a t  th e  r e a c t io n  between d i lu te  h y d ro c h lo r ic  a c id  gind th e  curved su rfa c e  
o f  magnesium c y lin d e rs  a t  25°C i s  d if fu s io n -c o n t ro l le d  i s  p rov ided  by our 
o b se rv a tio n s  reco rded  in  S ec tio n  11( f )  concern ing  th e  dependence o f  k 
on c y lin d e r  d ia m e te r . No such dependence would be expected fo r  a  chem ica lly  
c o n tro l le d  he terogeneous r e a c t io n .
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The value o f  the  f i r s t - o r d e r  u n i t  r a te  c o n s ta n t f o r  th e  d i lu te  
acid/raagnesium  re a c t io n  a t  25°C ag ree s  f a i r l y  w e ll w ith  those  o f  King and
G ath ca rt (30) shown in  Table 52,
Table 52
I n i t i a l  C o n cen tra tio n  
o f  MgCl^ (N orm ality )
U nit R ate C onstan t k U nit Rate C onstan t k 
(cm/min) King and (cm /m in). P re se n t 
C a th ca rt work




0.388 0 . 647; 0.611
0.486 0.596
5  o- HI
The value  in  th e  th i r d  column was c a lc u la te d  from measurements o f  the  volume
o f  hydrogen evolved in  th e  r e a c t io n ,  w hile  King and C a th ca rt used th e  r e s u l t s
o f  w e ig h t- lo s s  d e te ^ rm in a tio n s  to  c a lc u la te  t h e i r  c o n s ta n ts  by means o f  th e
e q u a tio n  k = l o g .  \  • They used c y lin d e rs  2 .6  cm. long  andAo iU a — rz 7
as re a c t io n  v e s s e l they  had a  400 c .c .  beak er w ith  250 c .c .  o f  h y d ro c h lo ric  
a c id  o f  i n i t i a l  c o n c e n tra tio n  0.050 M in  each experim en t. The tim e o f  t h e i r  
runs v a r ie d  from 5 to  15 m in u tes . They d id  n o t quote ex ac t v a lu es  fc r the  
r a d i i  o f  t h e i r  c y l in d e rs ,  b u t m erely s ta te d  th a t  the i n i t i a l  d iam ete rs  were 
between 1 .8  and 2 .0  cm, and th a t  the  speed o f  re v o lu t io n  o f  each c y lin d e r  • 
was a d ju s te d  so t h a t  th e  su rfa c e  speed was 2,000 cm /m inute. T his means 
t h a t  th e  speeds o f  re v o lu t io n  o f  t h e i r  c y lin d e rs  must have been in  the  range 
318 to  354 r .p .m . F or t h i s  reaso n  we cannot make an e x ac t comparison o f  
t h e i r  r e s u l t s  w ith  o u rs . However, th e  fo llo w in g  c a lc u la t io n  w i l l  se rve  as  
a  b a s is  f o r  com parison.
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The r a te  co n s ta n t (0 . 46l cm/min) quoted in  Table 52 r e l a t e s  to  
c y lin d e rs  o f  d iam ete r 2.0  cm r o ta t in g  a t  200 r .p .m . in  0,033 M 
h y d ro c h lo r ic  a c id .  Assuming th a t  fo r  a  g iven c y lin d e r  d iam ete r, k 'K s^*^, 
then  fo r  a  speed o f  318 r .p .m . ( re q u ire d  fo r  a su rfa c e  speed o f  2000 cm/min 
w ith  a  2 cm c y lin d e r)  the u n i t  r a te  c o n s ta n t fo r  our c y lin d e rs  would be
'^ 318 == kgoo ( 318/ 200) ° ”^ = 0 . 59(5 ) cm/min
/ 0 4Assuming f u r th e r  th a t  k X  d ’
^200 “ ^200 (0 . 9 )^"^  = 0 .43 (2 ) cm/min
whence k^^^ = 0.432 ( 334/ 200)^"^ = 0 , 6o (9) cm/min
Thus th e se  e s tim a ted  r e s u l t s  (based  upon assumed tre n d s  re p o r te d  
elsew here in  th e  th e s i s  a s  experim en ta l f in d in g s)  a re  in  f a i r  agreem ent w ith  
King and C a th c a r t 's  r e s u l t ,
2+These f ig u r e s ,  a l l  r e le v a n t  to  the  c o n d itio n  [Mg = 0 , do no t
ag ree  however w ith  th e  r a te  c o n s ta n t ( c o r re c te d  to  comparable c o n d itio n s )
re p o r te d  by K i lp a tr ic k  and R ushton, These l a t t e r  w orkers p re s e n t  d a ta ,
n o t fo r  a  2 cm c y l in d e r ,  b u t f o r  one w ith  d = 0,8  cm ro ta te d  a t  800 r .p .m .
in  i n i t i a l l y  O.O51 M h y d ro c h lo ric  a c id  a t  25°C. T h e ir value  o f  k was
1.46 cm/min. By c a lc u la t io n s  s im i la r  to  those  above, t h e i r  comparable 
2 0f ig u re  fo r  k^*g i s  1.21 cm/min.
C o n s id e ra tio n  o f  our k v a lu es  determ ined  fo r  th e  curved and 
fo r  th e  end s u r fa c e s  o f  th e  c y lin d e rs  r e v e a ls  a  complex s i tu a t io n .  
T h e o re tic a lly  i f  th e  d is c  form ula o f  Levich (S e c tio n  I ,  14) and th a t  o f  
E isen b erg , T obias and Wilke (S e c tio n  I l l ( d ) ,  17) could be ap p lie d  to  th e  
same system , then  i t  i s  e a s i ly  seen th a t  approx im ate ly  k(EEV/k(ETW)%/ 5s
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fo r  d i f fu s io n  c o n tro l le d  re a c tio n s  between 2 cm c y lin d e rs  and d i lu te  
aqueuous s o lu t io n s .  Although th e  two e q u a tio n s  app ly  to  d i f f e r e n t  flow 
c h a r a c te r i s t i c s  we have p a r t i a l  experim en ta l agreem ent w ith  t h i s  
approx im ation  in  th a t  l i t t l e  v a r ia t io n  i s  ap p aren t in  th e  r a t i o  
R (= ^gnd '^curved^ w ith  S a t  23°C. For example, w ith  O.O659 M h y d ro c h lo r ic  
a c id , ^200 “ and = 1»2 . However we do f in d  th a t  ^200 ^^comes
p ro g re s s iv e ly  l e s s  a s  [HCl] i s  in c re a se d ; e .g .  a t  0.5  M a c id  1^2 0 0 0 = 9  
and a t  1.45 M ^200 “ 0 . 5 = These experim en ta l tre n d s  may be c o n s is te n t  
w ith  n e a r -d i f fu s io n  c o n tro l w ith  0.0659 M HCl; and w ith  a s i tu a t io n  in v o lv in g  
more co n ce n tra te d  a c id  where th e  f a s t e r  su rfa c e  v e lo c ity  o f  th e  curved 
su rfa c e  b eg in s  to  l i f t  d if fu s io n  c o n tro l fo r  t h i s  su rfa c e  a t  a  low er r .p .m . 
than  fo r  the  f l a t  end. F in a l ly  o f  co u rse , i f  chem ical c o n tro l were c lo se ly  
approached, by f a s t e r  s t i r r i n g  o r  g r e a te r  c o n c e n tra tio n  o f  a c id  o r  by 
u l t r a s o n ic  i r r a d i a t i o n ,  the  two su r fa c e s  should  g ive  s im i la r  k v a lu es  
( v i r t u a l ly  k ^ ) .  In  f a c t  th e  'cu rv ed  s u r f a c e ' r e s u l t s  o f  Table 27» th e  'end* 
r e s u l t s  o f  Table 31 and the  'u l t r a s o n i c ' r e s u l t s  g iven  l a t e r  in  Table 54 
may a l l  tend  to  approach a  u n i t  r a te  c o n s ta n t o f  about 4.5  cm/min fo r  h igh  
c o n c e n tra tio n s  and h ig h  speed s.
Since i t  th e re fo re  appea rs  th a t  th e  r e a c t io n  o f  magnesium w ith  d i lu te  
h y d ro c h lo r ic  a c id  i s  la rg e ly  d i f fu s io n  c o n tro l le d , a  d i r e c t  measurement o f  
k^ i s  im p o ss ib le . Hence an a ttem p t may be made to  apply  R o l l e r 's  method to  
th e  p re s e n t  work and to  th a t  o f  C en tn e rsz w e r^ ^ ^ \ a s  fo llo w s.
The r e s u l t s  fo r  0.0659 M h y d ro c h lo r ic  a c id  a t  23°C (Table 27»
S ec tio n  I l ( l ) )  can be re p re se n te d  by a  smoothed eq u a tio n
log^^k  = 0,618 log^QS -  1.727   (1)
From t h i s  k^^g = 0 . 4958, k^^^ = O.7008 and k^^^  ^ = 0.8467 cm/min.
With s^ = 200 r . p . m . ,  s^ = 475.1 r .p .m . ,  m^  = 0.007133 and 
m  ^ = 0,006109 whence B = 0 . 007368.
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Using th e  value  o f k a t  th e  in te rm e d ia te  speed o f  350 r . p . m . ,
kc = -0 .007368  X 108.4 x 2.303 log^Q [ l  -  o .O O ^ S  x 10ÏÏ.¥ ]  
= 1.68 cm/min.
G en tnerszw er's  r e s u l t s  w ith  magnesium and 0,125 M h y d ro ch lo ric  ac id
a t  25 C a re  in c lu d ed  in  Table 53 .
Table 53
8 r . p . m. k cm/min
50 0 .36





A l e s t  sq u a res  tre a tm e n t o f  th e se  d a ta  lo ad s to  th e  eq u a tio n ;
log^^k = 0.5606 log^Q S -  1.452
.0.8
(2)
I f  (8^ /8 ^) • = 2 and 8^ = 200 r . p . m . ,  8^ = 475.6 r . p . m.  By equa tio n  (2 )
k^oo = 0.688 cm/min and g = I . I I 8  cm/min.
ra^  = 0.009926, m^  = 0.008067 and m^/ra^ = 1 . 2304, 
whence B = 0.01048 (R o ller^^^  f in d s  B = 0 ,010) .  Using th e  value  o f k^^^ 
c a lc u la te d  by eq u a tio n  (2) th e re  i s  o b ta in ed




Hence th e re  i s  a  f a i r  agreem ent between th e  v a lu es  found fo r  4  from our 
d a ta  and from th e  d a ta  o f G entnerszw er, However R o lle r  c la im s to  have
c a lc u la te d  a  va lu e  o f 2.80 cm/min fo r  k^ from G en tnerszw er's  re su lts .- .
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I f  in  equation  ( 39) ,  S ec tio n  I l l ( b ) ,  th e  exponent on g i s  tak en  to  be O.7
in s te a d  o f 0 . 8 , equation  ( 40) o f th e  same s e c tio n  i s  m odified  to :
0.7  /
k c  = Bs Y  -  exp. C -  k^/ggO .7]
and by c a lc u la t io n s  s im i la r  to  th o se  perform ed above th e  value  found fo r  
w ith  our d a ta  i s  2.19 cm/min, w hile C entnerszw cr*s d a ta  le a d  to  a va lue  
o f 2 .4 3  cm/min. Thus k^ ( c a l c )  v a r ie s  r a p id ly  w ith  th e  assumed exponent.
In  accordance w ith  th e  su g g es tio n  pu t forw ard in  S ec tio n  I U ( a )  
th e  experim ents w ith  u ltra so u n d  were perform ed in  an e f f o r t  t o  o b ta in  
c o n d itio n s  in  which th e  r e a c t io n  between magnesium and h y d ro ch lo ric  a c id  i s  
ch em ica lly  c o n tro l le d ,  th e re b y  en ab lin g  a  d i r e c t  experim en ta l d e te rm in a tio n  
o f k^ to  be made. The tem p era tu re  c o e f f i c ie n t  o f th e  u l t r a s o n ic a l ly  in flu e n c e d  
re a c t io n  between 0.0659 M h y d ro ch lo ric  a c id  and magnesium reco rded  in  
S ec tio n  11(g) in d ic a te s  a p a r t ly  o r  w holly d i f fu s io n -c o n t ro l le d  r e a c t io n .  
S im ila r ly  th e  tem p era tu re  c o e f f ic ie n t  reco rd ed  in  S ec tio n  11( g ) , page ?2 
i s  in d ic a t iv e  o f a  d if fu s io n  c o n tro l le d  r e a c t io n ,  a lth o u g h  fo r  some 
reaso n  t h i s  value  i s  r a th e r  low.
In  a d d itio n  to  th e  a p p l ic a t io n  o f  u ltra so u n d , th e  s t i r r i n g  speed 
and th e  c o n c e n tra tio n  o f th e  a c id  were in c re a se d  in  th e  hope th a t  th e  
combined e f f e c t  would b r in g  about a  change o f c o n tro l  in  th e  r e a c t io n .
The r e s u l t s  o f S ec tio n  11(h) show th a t  th e  r a t e  w ith  0.0659 M h y d ro ch lo ric  
a c id  and magnesium c y lin d e rs  in  th e  absence o f u ltra so u n d  in c re a s e s  
c o n s id e ra b ly  w ith  s t i r r i n g  speed (an a lm ost s ix - f o ld  in c re a se  in  speed 
caused an in c re a se  o f about 270% in  th e  r a te  o f  r e a c t io n ) ,  bu t th a t  th e  sam^ 
in c re a s e  in  speed produced only  about a  13^ in c re a se  in  th e  u l t r a s o n ic a l ly  
in f lu e n c e d  r a t e .  The r e l a t i v e  r a t e  f ig u re s  r e f l e c t  t h i s .  T herefo re  
in c re a se d  speed o f r e v o lu t io n , w ith  t h i s  c o n c e n tra tio n  o f  a c id ,  does no t 
a l t e r  th e  e f f e c t iv e n e s s  o f th e  u l t r a s o n ic  waves v ery  much. With 2 ,89  M
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h y d ro ch lo ric  a c i d ,  an in c re a se  in  s t i r r i n g  speed from 2 ,500  r . p . m.  to  
5 ,500  r . p . m.  caused an in c re a se  o f  about 60^ o in  r e a c t io n  r a t e  in  th e  absence 
of u ltra s o u n d , w hile a s im ila r  change in  speed o f re v o lu tio n  in  th e  
u l t r a s o n ic a l ly  in f lu e n c e d  r e a c t io n  caused about a 2 7 / in c re a se  in  r e a c t io n  
r a t e .  Data reco rded  in  T ables 19 and 21 were used to  c a lc u la te  f i r s t  o rd e r 
u n i t  r a t e  c o n s ta n ts  fo r  th e  u l t r a s o n ic a l ly  in f lu e n c e d  r e a c t io n ,  th e  v a lu es  
being  reco rded  in  Thblo 54 , Those f ig u re s  show t h a t ,  a t  a given c y lin d e r  




( r . p . m . )
U nit Rate C onstant k (cm/min)
0.3295 M 0.659 M 1.170 M 1.44 M 1.441 M 1.45 M 2.88 M 2.89M




5 ,500 4 .19 4 .27
a f f e c t  very  much th e  value  o f th e  u n i t  r a te  c o n s ta n t .  Moreover v a r ia t io n
of c y l in d e r  speed a t  a g iven  i n i t i a l  c o n c e n tra tio n  o f  a c id  does no t a l t e r
th e  u n i t  r a t e  co n s ta n t to  a g re a t e x te n t .  I t  seems reaso n ab le  to  suggest
th a t  th e  u l t r a s o n ic  waves have brought about a  change to  n ea r chem ical
c o n tro l  and th a t  th e  u n i t  chem ical r a t e  c o n s ta n t has a  va lu e  o f about
4 . 4 . cm/min a t  25°C w hich, however, i s  n e a r ly  tw ice th e  mean o f th e  v a lues
fo r  c a lc u la te d  from our r e s u l t s  and th o se  o f C entnerszw er by th e  method
based on R o l le r ’s e q u a tio n .
A nother method which can in  p r in c ip le  be used to  c a lc u la te  k^ i s  by
th e  use o f eq u a tio n  ( 13) o f S ec tio n  I l l ( b ) .  Of th e  q u a n t i t i e s  on th e  r ig h t
dchand s id e  o f  t h i s  eq u a tio n  c , A, V and ^  can r e a d i ly  be o b ta in ed  from our
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exp erim en ta l r e s u l t s ;  but u n c e r ta in t ie s  e x is t  concern ing  th e  v a lu es  to  
be a ss ig n ed  to  6 , D, a and A*. Concerning a b so lu te  a re a s  A* o f m e ta l l ic  
s u r f a c e s ,  some work c a r r ie d  out by T.L.  O’Connor and H,H, U hlig^^^^ u s in g  
a gas a d so rp tio n  method, based on th e  B .E.T , eq u a tio n , w ith  etha.ne as 
a d so rb a te  a t  -  183°C has y ie ld e d  some in t e r e s t i n g  r e s u l t s ,  some o f which 
a re  in c lu d ed  in  Table 55 . T heir roughness f a c to r  was d efin ed  by th e  r a t i o  
A bsolu te A rea/A pparent A rea.
Table 55
Specimen S u rface  P re p a ra tio n Area (cm^) Roughness
F ac to rG eom etrical A bsolute
Armco
Sheet




S te e l





Iro n Abraded 2/0  emery, 
degreased  in  benzene
41,1 138 3.4
18_8 \ i
S ta in le s s
S te e l
E le c tro p o lish e d 115 129 1.12
The sm all v a lu es  o b ta in ed  fo r  th e  roughness f a c to r  in  most cases  seem 
r a th e r  s u r p r is in g .  R. D avis, T. D ew itt and P. E m m e t t u s i n g  k ryp ton , 
butane and Freon as a d so rb a te s , re p o r te d  roughness f a c to r s  o f  1.10 to  1.37 
fo r  s i l v e r  f o i l  and 1.07 to  1.64 f o r  Monel f o i l ,  depending on th e  gas u sed .
/ rq \
Even more s u rp r is in g  i s  th e  f a c t  th a t  Rhodin re p o r te d  th a t  abraded and 
e le c tro p o l is h e d  copper had a roughness f a c to r  o f  about u n i ty .  I t  i s  
d i f f i c u l t  to  e s tim a te  a  value  fo r  a , a lth o u g h  fo r  d i lu te  s o lu tio n s  i t  may no t 
be f a r  s h o r t o f u n i t y ^ ^ ^ \  Much u n c e r ta in ty  e x i s t s  about th e  va lue  to  be 
a ss ig n ed  to  D fo r  t h i s  r e a c t io n .  One can make a  th e o r e t i c a l  e s tim a te  i f  i t  
i s  assumed th a t  th e  p ro to n  d if fu s e s  to  th e  magnesium su rfa c e  a s  a  d e f in i te  
e n t i t y  such as  The e x is te n c e  o f t h i s  complex was f i r s t  suggested  by
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( 70) (71)V/icke, Eigen and Ackermann , and a few y ea rs  l a t e r  Beckey p re sen te d
evidence from mass sp ec tro m ete r s tu d ie s ,  fo r  i t s  e x is te n c e  in  th e  vapour
p h ase . I t  appears to  have a te t r a h e d r a l  c o n f ig u ra tio n  and from d a ta
( 72)c o l le c te d  by B.E. Conway one can e s tim a te  an e f f e c t iv e  ra d iu s  fo r  i t  
o f about 3.5  2 , A ccording to  J . T .  Edward^^^^ a  t e t r a h e d r a l  m olecule can be 
regarded  as being  e q u iv a le n t to  a sphere  fo r  th e  purpose o f c a lc u la t in g  
d if fu s io n  c o e f f ic ie n ts  by th e  S to k e s -E in s te in  eq u a tio n :
D = k T /^  r    (3 )
where k i s  Boltzm ann’s c o n s ta n t; T i s  th e  a b so lu te  tem p era tu re ; r  i s  th e
e f f e c t iv e  ra d iu s  o f th e  m olecule; a n d ^  th e  c o e f f ic ie n t  o f v is c o s i ty  o f
th e  s o lu t io n .  For d i l u te  h y d ro ch lo ric  a c id  a t  25°C ,^  -  0.009 p o ise
6and u s in g  r  = 3.5  ^ equa tio n  ( 3 ) g iv es  a value  fo r  D o f 6.9  x 10 cm / s e c .
This v a lu e , however, i s  unexpected ly  sm all when compared to  th e  measured va lu e
—5 2 ofo r  d i lu te  a c id ,  about 3.06 x 10” cm /s e c  a t  25 0 , d if fu s in g  in to  w a te r .
(74)Indeed acco rd in g  to  th e  work of J.W. McBain and J .R.  Vinograd one
might expect hydrogen io n s  to  have a d if fu s io n  c o e f f ic ie n t  g r e a te r  than  
—5 23.06 X 10” cm /s e c  as  they  d i f f u s e  a g a in s t  magnesium io n s  produced a t  
th e  m etal s u r fa c e . McBain and V inograd found th a t  when decinorm al aqueous 
h y d ro ch lo ric  a c id  was d if fu s e d  a t  25°C a g a in s t  decinorm al aqueous po tassium  
c h lo r id e , th e  d if fu s io n  c o e f f ic ie n t  fo r  hydrogen io n s  was 4.40 cm /d a y  as 
compared w ith  2.54 cm“/d ay  fo r  h y d ro ch lo ric  a c id  a lone in to  w a te r, i . e .  a 
r a t i o  o f 1. 73. King and C a th ca rt have shown th a t  th e  d if fu s io n  c o e f f i c ie n t s  
o f  s tro n g  a c id s  such as  h y d ro ch lo ric  and p e rc h lo r ic  a c id  a re  in c re a se d  by 
th e  a d d it io n  o f  s a l t s ,  r e l a t i v e l y  sm all in c re a s e s  in  s a l t  c o n c e n tra tio n  cau sin g  
marked in c re a s e s  in  th e  d if fu s io n  c o e f f ic ie n t s ;  bu t th a t  d if fu s io n  c o e f f ic ie n ts  
o f  weak a c id s  such as  a c e t ic  and form ic a c id s  a rc  h a rd ly  a f f e c t e d  by th e  
a d d i t io n  o f s a l t s .
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Concerning the value to be assigned to 6, a survey of the literature^
on heterogeneous reactions between solids and liquids has shown that the
thickness of the diffusion layer varies from about 2 x 10”^  to about
4 X 10 ^at room temperatures. The value of 6  can b e  calculated for a
rotating disc from known properties of the system when the fluid is in
laminar flow, both when the heterogeneous reaction is entirely diffusion
(75)controlled and when it is in the regime of intermediate kinetics •
In the case of a rotating cylinder, however, the value of ô could be 
calculated in the case when the reaction at the curved surface is entirely 
diffusion controlled within the Reynold’s Number range of 1,000 to about 
100,000, but it is not known (see below) whether Eisenberg, Tobias and 
Wilke’s formula can be applied to the case when a reaction is in the 
intermediate regime.
In view of the uncertainties involved in assigning values to A*, a,
D and 6, one cannot rely on values of k calculated by means of equation (13) 
or equation (19) of Section Ill(b) . However, it would be interesting 
to substitute values of k^  found by o th e r  methods, e.g. by Roller’s method, 
in either equation in order to find whether reasonable values of D/6 are 
obtained. Thus in one of our experiments, a magnesium cylinder of length 
3,95 cm was rotated at 1,000 r.p.m. in 3,000 c.c. of 0.0659 M hydrochloric 
acid for five minutes and it experienced a loss in weight of 0.112 gram, 
the temperature being 25°0. The mean area of the exposed curved surface 
was 23.08 sq, cm. Using the integrated form of the first-order rate 
equation, the value of the overall constant k was found to be 0.02065 cm /sec. 
Assume that k^  = 0.02833 cm/sec, a value found from our results using 
Roller ’s method. Let 6/D = x .  The mean c o n c e n tra tio n  c = 0.002347 gra/c.c.
and ■—  = “ 3.715 X 10”^ gm/cc/sec. Furthermore, assume that o = 1 anddc
dt




[0.002347 - (130 X 3.715 X 10”?%)] 
whence x  = 13.29, i.e. D = 0.07525.
Ô
I f  we assume a t  6 = 0.003 cm ., then  D = 2 ,26 x 10”^ cm ^/sec. The accep ted  
va lue  o f D fo r  h y d ro ch lo ric  acid^?^^ a t  25°G i s  3 .O6 x 10”^ om ^/sec, so th a t  
th e  va lue  j u s t  c a lc u la te d  fo r  D seems too  h ig h . Even i f  th e  va lu e  o f 6 i s  
assumed to  be 0.0015 cm, then  D = 1,13 x 10”^ cm^/sed which ag a in  seems too  
h ig h , even a llo w in g  fo r  an e le c t r o ly te  e f f e c t  such as  was found by McBain and 
V inograd,
Assuming th a t  = 0.07333 cm /sec, th e  value  su ggested  by our work 
on th e  u l t r a s o n ic a l ly  in flu e n c e d  r e a c t io n ,  then  we have
0.07333 = 130 X 3.715 X 10-7------
[0.002347 - 4 .83  X 10”5 x]
whence x = 34 .95 ,
o r  D/6 = 0.02861 cm /sec.
— R ?I f  Ô ST 0.003 cm, D = 8.584  X 10 cm“/ s e c .  Now supposing  oA* = 1 .2  A, which 
seems rea so n ab le  c o n s id e rin g  th e  v a lu es  o f th e  roughness f a c to r s  fo r  v a r io u s  
s u r fa c e s  quoted in  Table 55 , then  we have
0.0023^7 - 4.83 X 10-5 ^ ^  ,
whence x  = 37 .24 , 
o r D/6 = 0 . 02685.
—5 2I f  6 = 0.003  cm ., D = 8.053  X 10 cm / s e c ,  whereas a va lue  fo r  6 o f  0,0015 cm
2
would g ive  D a va lue  o f 4 .026 cm /s e c  which seems re a so n a b le .
We s h a l l  now d iscu ss  th e  r e s u l t s  o b ta in ed  w ith  more co n c e n tra te d  
h y d ro ch lo ric  a c id  re a c t in g  w ith  magnesium c y l in d e r s .  In  S e c tio n  I I ( i )  
we no ted  th e  ev idence p o in tin g  to  th e  f a c t  th a t  th e  r e a c t io n  appears  to  have 
no sim ple o rd e r beyond an a c id  c o n c e n tra tio n  o f about 0 .15  M, in  approxim ate
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agreem ent w ith  th e  f in d in g s  o f Roald and A lthough th e  l a t t e r
workers claim ed th a t  a t  an a c id  c o n c e n tra tio n  of about 1 ,4  M th e  curves
clco b ta in ed  by p lo t t in g  r a te s  ( ^ )  a g a in s t c o n c e n tra tio n  fo r  th e  re a c t io n  a t  
th e  curved su rfa c e  o f c y lin d e rs  a t  a number o f r o ta t io n a l  speeds up to  
6 ,400  r .p .m . converged, i . e .  th e  r a t e  i s  u n a ffe c te d  by r o ta t io n a l  speed , 
we found no ev idence o f a convergence a t  t h i s  c o n c e n tra tio n , a s  was no ted  
in  S e c tio n  I I ( j ) .  At h ig h e r c o n c e n tra tio n s  o f a c id ,  hydrogen ev o lu tio n  
becomes v ig o ro u s , and Roald and Beck su ggested  th a t  th e  b reaks in  th e  p lo t  
o f r a t e  v e rsu s  c o n c e n tra tio n  were caused by th e  s t i r r i n g  a c t io n  o f th e  
hydrogen b u b b le s. They p o in ted  out th a t  th e  tem pera tu re  in c re a s e s  in  t h e i r  
experim ents c.annot account fo r  a l l  th e  in c re a s e  in  r a t e ,  e .g .  a t  a c y l in d e r  
speed o f  94? r .p .m . in  0 ,5  M h y d ro ch lo ric  a c id ,  th e  d is s o lu t io n  r a t e  was 
80/  h ig h e r th an  i t  would have been i f  th e re  were no b reak  in  th e  graph; i f  
lo c a l  h e a tin g  wore th e  cause , t h i s  in c re a se  would have re q u ire d  a tem p era tu re  
r i s e  o f about 25 C en tig rade d eg rees, bu t th e  a c tu a l  tem pera tu re  d if fe re n c e  
was on ly  3*5 C en tig rade  d eg rees . This ex p lan a tio n  i s  c o n s is te n t  w ith  th e  
o b se rv a tio n  th a t  th e  e f f e c t  o f  th e  r a t e  o f s t i r r i n g  becomes l e s s  a s  th e  
d is s o lu t io n  r a t e  (:.ind w ith  i t ,  th e  r a te  o f hydrogen e v o lu tio n )  in c re a s e s .  
Presum ably a t  th e  low er d is s o lu t io n  r a te s  th e  com para tive ly  few sm all 
hydrogen bubbles a re  ab le  to  d if fu s e  through th e  d if fu s io n  la y e r  w ithou t 
cau sin g  much s t i r r i n g  and consequent d is ru p tio n  of c o n c e n tra tio n  g r a d ie n ts ,  
whereas a t  th e  h ig h e r d is s o lu t io n  r a te s  th e  bubbles produced can cause 
c o n s id e ra b le  s t i r r i n g  o f l iq u id  a n d ? th e re fo re , in c re a se  th e  r a t e  o f r e a c t io n .  
Pow erful u l t r a s o n ic  waves might cause so much a d d i t io n a l  s t i r r i n g  n e a r  th e  ' 
m e ta l/s o lu tio n  in te r f a c e  th a t  c o n c e n tra tio n  g ra d ie n ts  a re  e f f e c t iv e ly  removed.
The r e s u l t s  from experim ents w ith  th e  more co n ce n tra te d  a c id  reco rd ed  . 
in  S ec tio n  11(1) can be used to  c a lc u la te  rough v a lu es  o f tem pera tu re  
c o e f f i c ie n t s .  Thus u sin g  th e  v a lu es  of th e  apparen t r a t e  c o n s ta n ts  l i s t e d  in
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Table 27 o f  th a t  S e c tio n , th e  v a lu es  fo r  tem p era tu re  c o e f f i c ie n t s  in c lu d ed  
in  Table 56 were c a lc u la te d .  Some r e s u l t s  fo r  0,0659 M h y d ro ch lo ric  
a c id  a re  a lso  in c lu d ed  fo r  com a^rison. I t  i s  r e a l i s e d  th a t  th e  r a te  
c o n s ta n ts  fo r  such d i lu te  a c id  as t h i s  a re  t ru e  f i r s t - o r d e r  r a t e  c o n s ta n ts ,  
so th a t  p robab ly  more r e l ia n c e  can be p laced  on th e  v a lu es  o f  th e  tem p era tu re  
c o e f f i c ie n t s  fo r  th e  re a c tio n  w ith  t h i s  a c id  th an  on th e  v a lu e s  c a lc u la te d  
fo r  th e  more co n c e n tra te d  a c id .  For 1 .45 M a c id  th e  v a lu es  in  th e  fo u r th  
column o f Table 56 a re  no t f a r  sh o r t o f 2 , th e  va lue  to  be expected  o f a 
c h e m ic a lly -c o n tro lle d  re a c tio n ;  and s im i la r ly  fo r  th e  1 ,9  M a c id .
However, th e  v a lu es  o f th e  tem pera tu re  c o e f f i c ie n t s  fo r  th e  r e a c t io n  
between magnesium and 1,17  M and 0,0659  M a c id  su g g est a d if f u s io n -  
c o n tro l le d  r e a c t io n .  The tem pera tu re  c o e f f i c ie n t s  c a lc u la te d  from th e  
r e s u l t s  fo r  c y l in d e rs  o f  d iam eter about 1 .2  cm. re v o lv in g  in  0 ,503  M
Table 56
Approximate C o n cen tra tion C ylinder Tem perature C o e ff ic ie n t
Tem perature o f Acids (M) Speed (c o r re c te d  when n ece ssa ry
Range C. R.p.m . to  a 10° i n t e r v a l )
l4  to  4 1.45 200 1 .9
1,000 1.8
71 4,000 1.6
15 to  25 1.17 1,000 1.5
14 to  25 0.0659 200 1.5It 1,000 1.4
It 4 ,000 1 ,4
4 to  14 1.45 200 2 ,0
It 1,000 1 .7
II 4 ,000 1 .7
5 to  15 1 ,9 1,000 1 .9
W tt . 4,000 1 .6
4 to  14 0,0659 200 1.3M 1,000 1 .4
4 .000 1 .4
h y d ro ch lo ric  a c id  a t  15.5  and 25 . 5°C seem to  in d ic a te  a  d i f fu s io n -  
c o n tro l le d  r e a c t io n :  a t  each o f th e  speeds 200 , 500 and 800 r .p .m . th e
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tem pera tu re  c o e f f ic ie n t  has the  same v a lu e ,v i z . ,  1,3» From the  d a ta  on
th e  r e a c t io n  a t  the  f l a t  end o f  2 .0  cm. d iam ete r c y lin d e rs  g iven  in  Table 30,
the  mean tem pera tu re  c o e f f ic ie n t  fo r  0 .330 M a c id  o ver the  tem pera tu re
V
range 5-4° to  25»5^C = (0 .8 6 /0 .4 5 )^  = 1 .38 , a  value  su g g e s tin g  d i f fu s io n  
c o n tro l fo r  the  r e a c t io n .  The d a ta  in  Table 31 on the  r e a c t io n  a t  the 
f l a t  ends o f  1 .0  cm, d iam ete r c y lin d e rs  re v o lv in g  in  1 .45 M a c id  le a d  to  
v a lu es  o f  1 ,5  and 1 . 6 , r e s p e c t iv e ly ,  fo r  th e  tem p era tu re  c o e f f ic ie n t  a t  1,000  
and 5,500  r .p .m . over the  tem peratu re  range 15*5 to  25 . 5°C.
I t  i s  i n t e r e s t i n g  to  no te  from Table 30 t h a t  th e  f i r s t - o r d e r  r a t e  
co n s ta n t k has a  f a i r l y  co n s tan t value o f  0 .6  to  0 .7  cm/min over the  
approxim ate c o n c e n tra tio n  range o f  0.0165 to  0 . l6  M a c id , b u t th a t  th e  
c a lc u la te d  value  th en  r i s e s  a p p rec iab ly  w ith  in c re a s in g  i n i t i a l  c o n c e n tra tio n  
o f  a c id  -  an o th e r  d em osn tra tion  th a t  the  r e a c t io n  i s  o f  th e  f i r s t  o rd e r  up to  
abou t 0 .2  M a c id .
The r e s u l t s  re p o rte d  in  S ec tio n  I I (k )  o f  th e  r e a c t io n  between 
magnesium and about 1 M ( i n i t i a l l y )  h y d ro c h lo ric  a c id  in  which c y lin d e r  
d iam ete rs  d ecreased  a p p re c ia b ly  ap p a re n tly  su p p o rt the  o th e r  ev idence 
which su g g es ts  h ig h e r ap p aren t o rd e rs  o f  r e a c t io n  in  more co n ce n tra te d  
a c id .  We o b ta in ed  th e  d a ta  w ith in  th e  R eyno ld 's  Number range o f  1 ,000 to
0 4about 100,000 and assumed th a t  k oC r  , a  r e l a t i o n  deduced in  S ec tio n  I l l ( d )  
from E isen b erg , Tobias and W ilk e 's  eq u a tio n . However th e se  in v e s t ig a to r s  
worked w ith  d i l u te  s o lu tio n s  and t h e i r  u n i t  r a te  c o n s ta n ts  k  were f i r s t - o r d e r  
c o n s ta n ts  determ ined  f o r  r e a c tio n s  which were d i f fu s io n  c o n tro l le d .  In  
abou t 1 M h y d ro c h lo r ic  a c id  where the  r e a c t io n  has an ap p a re n t o rd e r  between 
1 and 2 , i t  i s  n o t c e r ta in  w hether the  g en era l eq u a tio n s
= i  0 .4  / z  Ï  \  = c o n s ta n t,
J  r  ( r  + a  ;
2
and -  ^  = c o n s ta n t, r^ "^  ( r^  + a^ )^  o b ta in ed  in  S ec tio n  I H ( d )
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can be a p p lie d . However, p rov ided  th a t  one works in  the  Reynold*è Number 
range o f  1,000  to  100 , 000 , th e se  eq u a tio n s  may w e ll h o ld , p erhaps w ith  a
s l i g h t  m o d if ic a tio n  to  th e  exponent 0 .4 .  I t  would be i n t e r e s t in g  to
in v e s t ig a te  the  re a c t io n  between magnesium and h y d ro c h lo r ic  a c id  in  th e  
p resen ce  o f  a d e p o la r is e r  in  o rd e r  to  determ ine w hether, in  the  absence o f  
co m p lica tio n s  due to  th e  s t i r r i n g  a c t io n  o f  hydrogen b u b b les, th e  r e a c t io n  
co n tin u es  to  be o f  th e  f i r s t  o rd e r  w ith  re s p e c t  to  a c id  c o n c e n tra tio n  in  
more co n cen tra ted  a c id . U n fo rtu n a te ly  no d a ta  a re  a v a i la b le  in  th e  l i t e r a t u r e  
to  t e s t  t h i s .
(77)Of i n t e r e s t  i s  th e  f a c t  th a t  J .  M arangozis and Johnson have
suggested  th a t  mass t r a n s f e r  d a ta  can be s a t i s f a c t o r i l y  c o r re la te d  by an
eq u a tio n  based on th e  G illiland-Sherw ood^?^^ c o r re la tio n , which i s
8h = a  (Sc)^  (R e)°   (5)
where Sh i s  Sherw ood's Number d efin ed  by Sh = k l/D , k b e ing  th e  mass
t r a n s f e r  c o e f f ic ie n t ,  1 th e  d iam eter o f  the  ( c y l in d r ic a l )  c o n ta in in g  v e s s e l
and D th e  d if fu s io n  c o e f f ic ie n t  o f  th e  s o lu te .  E isen b erg , Tobias and Wilke
(79)based th e ir  equation on the Chilton-Colburn co rr e la tio n
k /  = (Sc) ^  (Re) (4)u
where u = th e  p e r ip h e ra l  v e lo c ity  o f  th e  c y lin d e r  and 0 (Re) a  fu n c tio n  o f  the 
R ey n o ld 's  Number. M arangozis and Jo h n so n 's  e q u a tio n  i s
I
k l/D  = 0.635  (S c)’  (R c)h '^    (5)
where (Re)^ i s  th e  R eyno ld 's  Number based on gap w id th  h between the  
in n e r  r o ta t in g  c y lin d e r  and th e  o u te r  c o a x ia l c y l in d r ic a l  c o n ta in e r ,
(Re)j^ = sdh/y' , where s = number o f  re  v o lu t io n s / s e c . , 
d = c y lin d e r  d iam ete r and = k in em atic  v is c o s i ty  o f  the so lu tio n ^  In
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E ise n b e rg , Tobias and W ilk e 's  e q u a tio n :
k /^  = 0.0791 (S c)"°°G 44(R e)-0 '30  . . . . . .  ( 6)
th e  R eynold’s Number (Re) = u.d/y . M arangozis and Johnson claim  th a t  
a  G i l l i l and-Sherwood type o f  c o r r e la t io n  should  be more a p p ro p ria te  
because i t  would encompass a l l  the  v a r ia b le s ,  w hereas a C h ilton -C o lbu rn  
type o f  c o r r e la t io n  does no t in c lu d e  1 o r  h . However, a s  shown in  
S ec tio n  1 1 (f)  we found a s a t i s f a c to r y  c o r r e la t io n  o f  our d a ta  on the 
r e a c t io n  between magnesium and d i lu te  h y d ro c h lo r ic  a c id  by u s in g  
E isen b erg , Tobias and W ilk e 's  eq u a tio n .
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IV(b) R e su lts  o f  E xperim ents w ith  Acids o th e r  th en  H ydroch lo ric  Acid
T able 57 compares the  v a lu es  o f  o u r u n i t  f i r s t - o r d e r  r a te  c o n s ta n ts  k 
fo r  the  r e a c t io n s  a t  25°C between magnesium c y lin d e rs  and a c e t ic ,  fo rm ic, 
c i t r i c  and benzvnesulphonic a c id s ,  r e s p e c t iv e ly ,  w ith  those  o b ta in ed  by
( 30)King and C a th ca rt fo r  th e  same r e a c t io n s .  The l a t t e r  w orkers used 
c y lin d e rs  o f  d iam ete r about 2 cm., whereas in  o u r experim ents w ith  fo rm ic, 
c i t r i c  and benzenesu lphonic a c id s  we used c y lin d e rs  o f  d iam ete r abou t 2 .5  am. 
In  ou r experim ents w ith  a c e t ic  ac id  the c y lin d e rs  used had a d iam ete r o f  
about 2 cm. The agreem ent between the  v a lu es  o f  th e  r a te  co n s ta n ts  in  
the  case o f  a c e t ic  a c id  i s  good, w hile th e  agreem ent between our v a lu es  
o f  k and th e  v a lu es  o f  King and C a th ca rt fo r  form ic and c i t r i c  a c id s  can be 
considered  to  be f a i r l y  good. However, th e re  i s  a d isc rep an cy  in  th e  r e s u l t s  
fo r  benzenesulphon i c a c id .  I t  may be s ig n i f i c a n t  th a t  th e  curved su rfa c e  
o f  the  c y lin d e rs  used in  ou r experim ents w ith  t h i s  a c id  were m arkedly 
sco red  by th e  r e a c t io n ,  w hereas t h i s  roughening was n o t found w ith  o th e r  
a c id s .
In  Table 58 a re  compared v a lu es  o f  th e  chem ical r a t e  c o n s ta n ts  k^ 
a t  15° and 25°C f o r  th e  r e a c t io n s  between magnesium and th e  v a rio u s  
a c id s  l i s t e d  in  t h i s  T ab le , A ll o f  th e se  v a lu es  excep t one w ith  
h y d ro c h lo r ic  ac id  a t  25°C were c a lc u la te d  w ith  th e  exponent 0 .8  on S in  
R o l l e r ’s e q u a tio n . In  g en era l th e  c a lc u la te d  v a lu e s -o f  k^ r i s e  a s  the 
exponent (y) on S i s  d ec re ase d . F or example, u s in g  th e  experim en ta l r e s u l t s  
fo r  0.2925  M form ic a c id  and magnesium a t  25°C re p o r te d  in  S ec tio n  1 1 (1 ), 
i t  can be shown th a t  th e  value o f  k^ in c re a s e s  from O.615  cm/min a t  
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I f  y = 1, =-0.001239 X 350 X 2.303 log^g (l - 350) = ° '^ '5 cm/min
I f  y = 0 .9 ,  k.^ = - 0.002038  X 194.8  X 2.303  log^o (1  -  : o § l i f F T 9 4 . 8 )  =
I f  y = 0 .8 ,  k^ = - 0.003367  X 108.4 X 2.303  log^o  ( i  -_552 |% 82_ \  ^ 0 .836
\  /  cm/min
I f  y = 0 .7 , k^ = -0.005621 X  60.38  X 2.303  log^o  /  -
cm/min
I f  y = 0 .6 ,  in d e te rm in a te .
For a l l  th e se  c a lc u la t io n s ,  s^ was chosen to  be 200 r .p .m , and = O.3280
cm/min was used as  a  m id -v a lu e . I t  i s  concluded, however, th a t  th e  
c a lc u la te d  va lue  o f  k^ would r i s e  a sy m p to tic a lly  a s  th e  value fo r  y 
approached 0 .6 4 ^ , the  observed  slope c o r r e la t in g  log^^  k^^^ and lo g ^ ^s 
in  the  eq u a tio n :
l°S,okob8 = 0-645 l°S,o® -  2-125,
g iv in g  in  cm/min. Thus i f  y = 0 . 66 , k^ i s  c a lc u la te d  to  be I .56  cm/min.
Hence i f  y i s  n ea r the  observed slope c o r r e la t in g  log^^k^^^ and lo g ^ ^ s , t h i s  
method o f  c a lc u la t io n  could le a d  to  i^nsure r e s u l t s .
I f  a  s t a t i s t i c a l  c o r re c tio n  i s  a p p lie d  to  th e  B rÜ nsted-Pedersen 
r e la t io n s h ip  (see  below ), th e re  i s  obtained^
= « X  q"" p '' '" ' - - - - - -  (7)
where i s  th e  a c id  d is s o c ia t io n  c o n s ta n t, p i s  th e  number o f  
io n iz a b le  hydrogen atoms in  th e  m olecule , q i s  th e  number o f  p o s i t io n s  a t  
which a  p ro to n  can be a tta c h e d  in  th e  m olecule o f  th e  con jugate  b ase , 
and and x a re  c o n s ta n ts  (0 < x < 1 ) . I f  th e  a c id s  under in v e s t ig a t io n  
conform to  t h i s  e q u a tio n , a p lo t  o f  log^^Ck^/p) v e rsu s  lo g ^ ^ ^  ^  should
g ive a  s t r a i g h t  l i n e  w ith  a  slope  x and an in te r c e p t  G^. In  Table 59 a re  
summarised th e  d a ta  n ecessa ry  to  t e s t  t h i s  r e la t io n s h ip .
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Table 59
Acid q p log^^Cq K^/p) log^^Ck^^)
a t  25°C a t  25°C
A ce tic 2 1 -  4.456 -  0.384
Formic 2 1 -  3.369 + 0.012
C i t r i c 2 5 -  3.313 -  1.290
S a l i c y l i c 2 1 -  2.602 -  0 .373
B enzenesulphonic 3 1 -  2.077 + 0.265
H^O 1 1 + 1 .7 + 0 .263  and 
+ 0 .366
The v a lu es  o f  k and K. were tak en  from Table 58 . I f  th e  v a lu es  c A
o f  log^^Cq K^yp) in  Table 59 a re  p lo t te d  a g a in s t  th e  co rrespond ing  v a lu e s  
o f  log^^C k^yp), the  p o in ts  do n o t f a l l  n ea r  a  s t r a i g h t  l i n e ,  so th a t  th e re  
i s  no B rO nsted-Pedersen r e la t io n s h ip  in  t h i s  case .
I t  i s  o f  course re a lis e d  th a t  fo r  th e  co n d itio n s  o b ta in in g  in  ou r 
ex perim en ts, th e  use o f  R o l l e r 's  method may n o t le a d  to  tru e  v a lu e s  f o r  k ^ . 
Thus R o lle r  g iv es  a s  a c o n d itio n  fo r  n e g le c tin g  a l l  term s ex cep t th e  f i r s t ,  
w ith  an e r r o r  < 1%, in  eq u a tio n  (29) o f  S ec tio n  I l l ( b ) ,  th e  in e q u a l i ty  
D t/L ^  0 .2 ;  b u t under th e  c o n d itio n s  o f  th e  experim ents d e sc r ib e d  in  
t h i s  work (and fo r  most o f  the  experim ents o f  o th e r  in v e s t ig a to r s  in  t h i s
p
f i e ld )  D t/L  h as  v a lu es  co n sid e rab ly  l e s s  th an  0 .2 .  For example, take
an experim ent in  which a  magnesium c y lin d e r  w ith  an e3q>osed a re a  o f
25 sq .cm . r o ta t e s  f o r  30 m inutes in  3OO c .c .  o f  h y d ro c h lo r ic  a c id
(D = 3*1 X 10 ^ cm ^/sec), then  Dt/L^ = 3*88 x 10 Again R o lle r  used
C entnerszw er*s r e s u l t s  f o r  the  m agnesium /hydrochloric ao id  r e a c t io n
to  c a lc u la te  a value  fo r  k^, b u t the  co n d itio n s  in  C en tnerszw er' s
2
experim en ts were such th a t  th e  value o f  D t/L  was o f  th e  o rd e r  o f  on ly
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10 Furtherm ore th e  co n d itio n  g iven  by R o lle r  fo r  e q u a tin g  to
u n ity  in  a r r iv in g  a t  eq u a tio n  (34) o f  S ec tio n  I l l ( b )  i s  th e  in e q u a l i ty
k^L/D < 1, b u t fo r  th e  u su a l experim en ta l c o n d itio n s  th e  value o f
k^L/D i s  co n s id e ra b ly  g r e a te r  than  one. In  f a c t  f o r  the  experim ents 
Dtre p o rte d  h ere  —^  0 and kL /^  —>  oo. I t  i s  o f  i n t e r e s t  to  no te  th a t
L
our work on the  u l t r a s o n ic a l ly  in flu en ced  r e a c t io n  between magnesium and
h y d ro c h lo r ic  a c id  su g g es ts  th a t  th e  v a lu es  fo r  k^ c a lc u la te d  by R o l l e r 's
method may be too low .
We s t i l l  have to  c o n s id e r  the  p o s s i b i l i t y  th a t ,  f o r  the a c id s
in v e s t ig a te d  in  t h i s  work, no B rÜ nsted-Pedersen r e la t io n s h ip  would be
expected  fo r  reaso n s connected w ith  d if f e re n c e s  in  m o lecu la r s t r u c tu r e
and no t m erely because R o l l e r 's  method may n o t g ive tru e  v a lu es  fo r  k^ .
T here fo re  a  g en era l d is c u s s io n  o f  the  c ircum stances under which th e se
r e la t io n s h ip s  a re  expected  to  hold  and a lso  o f  those  under which
d e v ia tio n s  m ight be expected  to  occur w i l l  now be g iven .
( 39)K ilp a tr ic k  and Rushton p o in t  o u t th a t  i f  the  heterogeneous 
r e a c t io n  between magnesium and an a c id  i s  chem ically  c o n tro l le d , th e re  
should  be a  r e la t io n s h ip  between th e  observed  r a te  co n s ta n t k  and the  
thermodynamic d is s o c ia t io n  co n s ta n t o f  the  a c id  o f  th e  type f i r s t  
suggested  by B rünsted and P e d e r s e n ^ t o  c o r r e la te  d a ta  on a c id -b ase
c a ta ly s is
=    (8 )
where and a a re  c o n s ta n ts , w ith  0 < < 1. As a c id -b a se  c a ta ly s is
in v o lv e s  th e  t r a n s f e r  o f  a p ro to n  e i th e r  from a m olecule o f  a c id  c a ta ly s t  
o r  to  a m olecule o f  b a s ic  c a ta ly s t ,  i t  seems n a tu ra l  to  seek a 
r e la t io n s h ip  between the  e f f e c t iv e n e s s  o f  the  c a ta ly s t  and i t s  a c id  
(o r  b a s ic )  s t r e n g th ,  th e  s tr e n g th  in  aqueous media b e in g  a  measure 
o f  the  ease w ith  which the c a ta ly s t  t r a n s f e r s  a  p ro to n  to  o r  from a 
m olecule o f  w a te r . H .S. T a y l o r ^ w a s  f i r s t  to  su g g es t a  r e la t io n s h ip
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between the  c a t a ly t i c  co n s tan t and th e  a c id  d is s o c ia t io n  co n s tan t K^:
*^ a = V '  K'-' • - • • • •  (9)
where i s  the  c a t a ly t i c  c o e f f ic ie n t  o f  the  hydrogen io n  H+0,
E quation  (9) ,  however, agreed  on ly  very  approx im ate ly  w ith  the  experim en ta l 
d a ta .  Then te n  y e a rs  l a t e r  th e  B rÜ nsted-Pedersen r e la t io n s h ip ,  i . e .
(82)eq u a tio n  (8 ) was p roposed . P .P . B e ll has shown th a t  in  g en e ra l th e  
same type o f  r e la t io n s h ip  a p p lie s  to  p ro to t ro p ic  r e a c t io n s  w hether o r  n o t 
th e re  i s  a  p re -e q u ilib r iu m  w ith  the c a ta ly s t .  P rovided  a s e r ie s  o f  
chem ically  s im ila r  c a ta ly s ts  i s  used w ith  th e  same s u b s t r a te ,  a BrÜ nsted- 
P edersen  r e la t io n s h ip  would be expected to  r e p re s e n t  the  d a ta  a d e q u a te ly .
/ O ? \
F or example. B e ll and H igginson s tu d ie d , by a  d i la to m e tr ic  method, the  
a c id -c a ta ly s e d  decom position o f  ace ta ld eh y d e  h y d ra te  in  aqueous ace tone and 
used as  c a ta ly s ts  a s e r ie s  o f  fo r ty  f iv e  m onocarboxylic a c id s  and pheno ls  
the  s t re n g th s  o f  which in  w ate r ranged over te n  powers o f  te n .  T h e ir 
observed  c a t a ly t i c  co n s ta n ts  fo llow  a B rÜ nsted-Pedersen r e la t io n s ip  w ith  the  
exponent cl... = 0 .54  and a  maximum and mean lo g a ri th m ic  d e v ia tio n  o f  0 .3
and 0 . I r r e s p e c tiv e ly ^
The sim ple r e la t io n s h ip  o f  eq u a tio n  (8 ) i s  f o r  ex ac tn ess  m odified  
by in c lu d in g  a  s t a t i s t i c a l  c o r re c t io n . B r ü n s t e d ^ was the  f i r s t  
in v e s t ig a to r  to  g ive a  c o r re c t trea tm e n t o f  th e  s t a t i s t i c a l  c o rre c tio n ^  
a lth o u g h  an e a r l i e r  p ap er by B rünsted  and P e d e r s e n ^ c o n t a i n s  th e  f i r s t  
su g g es tio n  o f  such a c o r re c t io n , b u t in  an incom plete form. I f  f o r  a  g iven  
ac id -b a se  p a i r  A-B in  which p i s  th e  number o f  e q u iv a le n t p ro to n s  on the  
a c id  m olecule and q the  number o f  e q u iv a le n t p o s i t io n s  on B where a  p ro to n  , 
can be accep ted , then  the c a t a ly t i c  power o f  A i s  r e la te d  to  i t s  observed 
d is s o c ia t io n  c o n s tan t by
k = /q K , ^ . . . . . .  (10)
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S im ila r ly ,  fo r  b a s ic  c a ta ly s is  by B, we have
0
B f --------- \   (11)
q I  q J‘b = G.
where i s  the  c a t a ly t ic  r a te  c o n s ta n t, i s  the base d is s o c ia t io n  c o n s ta n t,
/ Qt-N
and Gg and P a re  c o n s ta n ts . F.H . W estheimer has developed more com plicated
e q u a tio n s  fo r  those  cases in  which the v a r io u s  p ro to n s  o r  p o in ts  o f  a ttach m en t
a re  n o t a l l  e q u iv a le n t .  I t  i s  notew orthy th a t  some a u th o rs  app ly  the
s t a t i s t i c a l  c o r re c t io n  on ly  when p and q r e f e r  to  d i f f e r e n t  atoms in  th e  same
+ +
m olecule , e .g .  p = 2 f o r  o x a lic  ac id  o r  th e  hydrazinium  io n  H^N»NH^, b u t
4-
p = 1 fo r  . The s t a t i s t i c a l  c o r re c t io n  was a p p lie d  by B rünsted and 
P e d e r s e n ^ t o  a s e r ie s  o f  p o ly c a rb o x y lic  a c id s  in  th e  a c id -c a ta ly s e d  
decom position o f  n itra m id e .
Not on ly  m ight one expect a  B rÜ nsted-Pedersen type o f  r e la t io n s h ip  
to  ho ld  in  the  case o f  a s in g le  s u b s t r a te  and a s e r i e s  o f  s im i la r  c a ta ly s t s ,  
b u t a lso  in  th e  case o f  c a t a ly t ic  r e a c tio n s  where th e  c a ta ly s t  rem ains th e  
same and a  s e r ie s  o f  s im ila r  s u b s t r a te s  i s  in v e s t ig a te d .  U n fo rtu n a te ly  
i t  i s  r a r e ly  p o s s ib le  to  study  the l a t t e r  type o f  r e a c t io n  q u a n t i ta t iv e ly  
s in c e  th e  s u b s t r a te s  concerned a re  u su a lly  such very  weak a c id s  o r  b ases  th a t  
t h e i r  s tr e n g th s  cannot be measured d i r e c t l y .  -However, Bell^^^^ quotes 
ju s t  one example, u s in g  the  d a ta  o f  E.G. P earson  and R.L. D illon^^^^  th a t  
o f  a  s e r ie s  o f  compounds co n ta in in g  the  group ^GH»GO- the  h a lo g é n a tio n  o f  
which i s  c a ta ly se d  by b a se s . Such compounds a re  s u f f i c i e n t ly  s tro n g  a c id s  
fo r  the d i r e c t  measurement o f  pK to  be made. A p lo t  o f  l o ^ ^  v e rsu s  pK, 
where k and K r e f e r  to  the p ro cess
1 If
^  1 X \GH-GO- + H_0 ---- :— ^ ^ G  : G (O ) -  + H O
where K = ^1
kg c f .  HB + HgO  4 H^o + B ,
194.
shows an approximate parallelism between the two quantities, the line 
having a slope < 1 throughout but showing a definite curvature.
More significant to our case, a BrOnsted-Pedersen relationship might 
be expected to hold for the reactions between a given metal and a series 
of acids the thermodynamic dissociation constants of which are known. Such 
reactions are essentially acid-base reactions, the role of the base being 
played by the electrons in the metal surface and the acid by either the 
hydrated proton H^O (or perhaps or molecular acid molecules such as
CH^»COOH.
A survey of the experimental results in the chemical literature shows
that there are both positive and negative deviations from the BrÜnsted-
Pedersen relationships. Thus in the acid-catalysed dehydration of acetaldehyde
hydrate studied by Bell and Higginson, several pseudoacids, i.e. acids the
io n iz a t io n  o f  which in v o lv es  a  co n s id e rab le  e le c t r o n ic  rea rran g em en t,
exhibited large negative deviations, 2-nitropropane for example showing a
lo g a r i th m ic  d e v ia tio n  o f  -  1 .9  u n i t s .  On the o th e r  hand, fo r  th e  same re a c t io n ,
acids in which the structures of anion and unionized acid are very similar exhibited
p o s i t iv e  d e v ia t io n s ,  d ie thy lke tox im e fo r  exanqple showing a  lo g a rith m ic
deviation of + 2.1 units.
The BrÜnsted-Pedersen relationships are really one form of the so-called
linear free-energy relations and can be regarded as a special case of the 
/ qo\
Hammett equation. Although the Hammett equation dealt originally only 
with meta- and para- substituted benzene derivatives and does not apply very 
well to aliphatic compounds, the BrÜnsted-Pedersen relationships, although 
limited to the special class of acid-base reactions, do in fact cover a wider 
range of compounds both in the aliphatic and in the aromatic series. An 
interpretation of the BrÜnsted-Pedersen relationships in terms of molecular 
potential energy curves for the reaction
XH + y  > X + HY
195.
was given at about the same time by and by Horiuti and Polanyi^^^^.
(91)Bell has also suggested explanations for certain deviations from the 
BrÜnsted-Pedersen relationships in terms of the differences in the shapes 
of the potential energy curves found among acids or bases of comparable 
strengths. Deviations from the Brdnsted-Pedersen relationship occur in 
the reactions involving some series of amines, e.g. E.G. Pearson^has 
shown that the rates at which the members of the series NH^ , NH^Me,
NHMe^ and Me^ react with nitroethane to form the anion bear no relation 
to the basic strengths of these amines. An explanation of such anomalies 
can bo found in terras of the interaction of the cations with water.
Thus in the series MeNH^^ Mo^ NH^ "^  and Me^lÆ such an interaction will
vary considerably as the successively introduced alkyl groups act by 
excluding water molecules from interacting closely with the positive charge, 
thereby decreasing the stabilisation of the cation. This effect acts in 
the opposite direction to the inductive effect. Steric hindrance can 
in some cases cause deviations from the BrÜnsted-Pedersen relationship, 
e.g. in the hydration of acetaldehyde catalysed by substituted pyridines 
and their cations^^^^, alkyl substituents in the 2- and 6- positions 
cause a lowering of catalytic power,i.e., a negative deviation. Although 
substitutions of this kind have little effect on acid-base equilibria 
because of the small size of the proton, they may affect the rate of an 
acid-base reaction, since the two species A^  (the acid) and B^ (the base) 
must be close together in the transition state, and large groups in one 
or both of the reactants may hinder the attainment of this situation.
The discussions of the BrÜnsted-Pedersen relationships by Bell,and 
by Horiuti and Polanyi assumed that proton transfer AH + B — >  A + HB 
occurs by the classical mechanism, but J.J. Weiss^^^^ has considered the 
case where proton transfers occur exclusively by quantum mechanical 
tunneling. He assumed that transfer takes place along a straight line
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jo in in g  th e  c e n tre s  o f th e  atoms A, H and B. For h is  c a lc u la t io n s  he assumed
a one-d im ensional p o te n t ia l  b a r r i e r  w ith  a  w idth  o f only  0 .4  to  0 .6  2
equal to  th e  d is ta n c e  th e  p ro ton  has to  t r a v e l  a long  th e  hydrogen bond
A—H—B, and was a b le  to  show tha.t a B rB nsted-Pedersen  type  o f r e la t io n s h ip
could  be d e riv ed  fo r  t h i s  model. I t  i s  i n t e r e s t i n g  to  no te  th a t  th e  e x te n t
to  which e le c tro c h e m ic a l p ro ton  d isch a rg e  occurs by quantum -m echanical
tu n n e lin g  has f a i r l y  r e c e n t ly  been th e  s u b je c t o f  much d iscussion^
In  view o f th e  above d isc u ss io n  o f th e  c ircum stances  under which
d e v ia tio n s  occur from th e  B rÜ nsted-Pedersen r e la t io n s h ip s ,  and ta k in g  in to
c o n s id e ra tio n  th e  c o n s id e ra b le  v a r ia t io n  in  th e  s t r u c tu r e s  o f th e  a c id s  used
in  t h i s  s tu d y , i t  would no t be s u rp r is in g  to  f in d  th a t  th e se  a c id s  d id  no t
obey such a r e la t io n s h ip .  However, i t  i s  no t p o s s ib le  to  check t h i s  u n t i l
r e l i a b l e  v a lu es  fo r  k can be c a lc u la te d ,c
(97)I t  i s  in t e r e s t in g  to  observe th a t  r e c e n t ly  I'fcirangozis has p re sen te d  
a tre a tm e n t o f th e  r e a c t io n  between magnesium and h y d ro ch lo ric  a c id  in  which 
hydrogen io n s  from th e  a c id  a re  im agined to  be n e u t r a l i s e d  by hydroxyl io n s  
in  a  narrow  zene away from th e  a c tu a l  magnesium s u r fa c e . He env isages th e  
p ro cesse s  o ccu rrin g  a t  th e  in t e r f a c e  to  be a s  fo llo w s:
Io n iz a tio n  o f magnesium atoms Mg ^------^ Mg^^ + 2c (an o d e),
accompanied by d is s o c ia t io n  o f w ater m olecules PH^O  ^ H^ O + OH
w hile  th e  hydrogen io n s  a re  d isch arg ed  on th e  su rfa c e  o f th e  m etal
2c + 2Hto — ^  2H + 2H^0 (ca th o d e)3 T--------------  2
H + H ------ ^  H_T  2
As th e  hydrogen io n s  from th e  w ater a re  d isch a rg ed  a t  th e  magnesium su rfa c e  
th e  excess hydroxyl io n s  d if fu s e  outw ards tow ards th e  narrow  n e u t r a l i s a t io n  
zone, where ra p id  n e u t r a l i s a t io n  occurs
OH” + H^O = 2H^0
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T here fo re  between th e  in te r f a c e  and th e  narrow  n e u t r a l i s a t io n  zone th e re  
ought to  be, on th i s  th e o ry , an a lk a l in e  la y e r  and th i s  shou ld  show up as 
a  p ink  zone a d ja c e n t to  th e  magnesium su rfa c e  i f  p h en o lp h th a le in  i s  added to  
th e  s o lu t io n .  The s i tu a t io n  i s  as  d e p ic te d  in  F igu re  24, The unbroken 
l i n e s  in  t h i s  diagram  re p re s e n t th e  c o n c e n tra tio n  g ra d ie n ts  o f th e  v a r io u s  
io n ic  sp e c ie s  p re se n t in  th e  s o lu t io n .  In  o rd e r to  t e s t  fo r  th e  p resence  
o f  an a lk a l in e  la y e r ,  experim ents were conducted in  which th e  s u rfa c e  o f a  
magnesium c y l in d e r  d is s o lv in g  in  d i lu te  h y d ro c h lo ric  a c id  (0 .1  M and 0 .05  M) 
in  th e  p resence  o f p h en o lp h th a le in  was observed  th rough  a  m icroscope. 
However, no p in k  c o lo ra t io n  was d is c e r n ib le ,  su g g e s tin g  th a t  no th in  la y e r  
c o n ta in in g  hydroxyl io n s  e x i s t s  n ear th e  s u r fa c e . T here fo re  th e re  i s  some 
doubt concern ing  th e  v a l id i t y  of M arangozis^ th e o ry .
O ther in t e r e s t in g  th e o r ie s  o f heterogeneous r e a c t io n s  between m etals 
and aqueous s o lu tio n s  have from tim e to  tim e been advanced. For exam ple, 
G.E. Kimball^^^^ has approached th e  problem  from an e le c tro c h e m ic a l p o in t 
o f  view , making use o f th e  th e o ry  o f a b so lu te  r e a c tio n  r a te s  to  c a lc u la te  
d is s o lu t io n  c u r r e n ts .  In  g e n e ra l th e  r a t e  ex p re ss io n s  o b ta in ed  by him a re  
com plica ted  fu n c tio n s  o f io n ic  a c t i v i t i e s  and th e  (mixed) p o te n t ia l  V o f th e  
d is s o lv in g  m eta l; bu t in  th e  regim e o f  d if fu s iv e  c o n tro l in  th e  case  where 
hydrogen i s  more "nob le" than  th e  d is s o lv in g  lu e ta l (such  as  magnesium) and 
when th e  d ischargo  o f  m etal io n s  and th e  s o lu tio n  o f hydrogen can be 
n e g le c te d , th e  r a t e  equation  reduces to  th e  sim ple  f i r s t - o r d e r  r a t e  
ex p ressio n ?
r a te  cC [a c id ]
an e x p re ss io n  which does n o t in v o lv e  Howeverj th e  in d ic a t io n s  a re
th a t  th e  k in e t ic s  may w e ll be com plica ted  v/ken th e  r e a c t io n  moves f u r th e r
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towards chemical co n tro l. E.A, Moelwyn-Hughes^^^^ has incorporated
I .  Langmuir's^^^^ id eas on adsorption in  a theory o f  the heterogeneous 
rea c tio n s between liq u id s  and s o l id s  and, on the b a s is  o f  th is  theory» 
o ffered  an exp lanation  fo r  the d iffere n c e  between the ra te s  o f  rea c tio n  
a t  two l a t t i c e  p lanes o f  the same s o l id .  Furthermore he has suggested  
th a t the d if fu s io n  o f  water to the in te r fa c e  may be the ra te  determ ining  
step  in  some o f  these reactions» s in ce  the concentration  o f  free  water 
a t  the in te r fa c e  i s  a ltered  as a consequence o f  the production o f  some 
ion s and the d estru ctio n  o f  o th ers w ith d if fe r e n t  coordination numbers.
( 100)Indeed, W.J.C. Orr and J.A .V . B utler have shown th a t the energy
o f  d if fu s io n  o f  water may be about 5»300 c a l./m o le . The value o f  
4,170 ca l./m o le  reported in  Section  11(e ) for  the energy o f  a c t iv a t io n  
o f  the rea c tio n  between magnesium and hydrochloric acid  may be too low 
fo r  the d if fu s io n  o f  water m olecules to be ra te  determ ining in  th is  
case .
One can conclude from the p resen t work th at r e l ia b le  methods 
fo r  ob ta in in g  Values fo r  the chemical ra te  constant and fo r  determ ining  
the true area exposed to a ttack  are p r e -r e q u is ite s  before much fu rth er  
progress can be made.
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Appendix Sotting Out a Method of Obtaining 
Roller’s Solution
The equation ^  = D , 0 < x < L  ...... (1)
was solved subject to the following boundary conditions:
^ = 0 , when x = 0  . . . . . .  ( 2 )
■ D ^  ^ k C, at X = L   (3)
^  X c
Roller’s initial condition was c = constant, at t = 0; but in
th e  g e n e ra l case  we s e t  c = f ( x ) ,  a t  t  = 0 . . . . . .  ( 4) .
The function c = ^(A cos cxC x + B sin oc^x) ...... (5),
where A, B and are constants, satisfies equation (1).
. *.  ^(B oiC’ cos ocC X - A oC sin oC x) ..... (6).0  X
Making use of equations (2) and (6), we have 
0 = B <  .
.*. B = 0.
Hence a solution of equation (1) is
c = Ae”'^ ^  cos cC X . . . . . .  (7)
However, the general solution of equation (1) is
^  GO 2
c = "  A e " ^ n  cos aC x ...... (8)
n=1 n n
In  o rd e r  to  determ ine th e  v a lu es  o f use i s  made o f th e
boundary c o n d itio n  expressed  by eq u a tio n  ( 3 ) .  Thus from
equations (3), (6) and ( 7 ) ,  we have D sin oC L = k^ cos cxC
i . e . ,  oC L t a n  o^ . L = k^L/D . .... -(9)
The tr ig o n o m e tr ic a l eq u a tio n  (9) can be so lv ed  by a  g ra p h ic a l method
to give the values of o( ^ for substitution in equation (8),
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In  o rd e r  to  co n p le to  th e  s o lu tio n  o f eq u a tio n  (1 ) ,  i t  i s  
n e c e ssa ry  to  determ ine th e  v a lu es  o f This can be done by th e
method o f F o u r ie r 's  s e r i e s .  Thus making use o f eq u a tio n s  (4 ) and 
(8 ) we liave
p  oo
f ( x )  A cos cC X . . . . . .  (10)n=1 n n
Upon m u ltip ly in g  b o th  s id e s  o f eq u a tio n  (10) by cos x and
in te g r a t in g  between th e  l im i t s  x = 0 and x = L, th e re  i s  ob ta in ed  
L A L
J (cos cC x) f ( x )  dx = A I cos^ dx >n n I n0 J o
rL
J  f ( x ) .  cos X. dxi . e .  A  ^ = sj 0
J L 2cos oC X. dx0 ^
s in c e  i t  can be shown th a t  a l l  th e  in te g r a l s  I cos oC x .c o s  x .dx
^  0 ^  ^
a re  z e ro , except when m = n .
L
Now r  cos^ 0^  X* dx = ^  f  ( l  + cos 2 x)dx = §  +  ^ ^ n ^
J o  ^ ^ 0  4
=0 ^  ( s in  P ) e cos p .x  /
n=1 ^
( 11)
I f  f u r th e r  we s e t  i ( x )  = c^ , a  c o n s ta n t % a t  t  = 0 , th e re  i s  f i n a l ly
o b ta in ed  A = 4 c s in  oC L / 2  L aC + s in  2 oC L n o n /  ^ n  ^ n
= 4 c s in  p / 2  |3 + s in  2 p ( 12)o '^n /  n n
where
T h erefo re  th e  g e n e ra l s o lu tio n  o f equation  ( l )  s u b je c t to  th e  s ta te d
i n i t i a l  and boundary c o n d itio n s  i s  
i  oo
c = 4 c
+ s in  2 . . . .  ( 13) ,
which i s  th e  form given by R o lle r .
